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ABSTRACT 
Previous research on the precipitation and oxidation of lead 
sulphide has been reviewed especially in relation to ~hermodynamic 
and kinetic studies. 
Samples of lead sulphide have beei?- precipitated from aqueous 
solutions of lead salts under varying conditions of pH, concentration, 
temperature and time of ageing. The precipitates were examined by 
optical and electron microscopy, X- ray diffraction and gas sorption 
analysis. Their crystallinity, particle size and phase composition have 
been correla ted with the conditions of precipitation. 
The oxidation of selected samples of precipitated and commercial 
lead sulphide was investigated by thermal analysis and the above 
techniques. The phase composition of the oxidation products were 
studied under varying conditions of temperature, gas flo w rate and 
oxygen content of air~ For the low temperature oxidation ('-"500°C) 
the thickness of the lead sulphate product l ayer was estimated and 
attempts made to correlate this value with the kinetics of the oxidation. 
The stability of lead sulphate at high temperature ( "'-900 °C) has been 
investigated. Sintering behaviour of the products in relation to their 
incomplete desulphurization was examined. 
Oxidation studies on lead sulphide were extended to lead- zinc 
ores with respect to the effect of moisture content and bentonite on 
sintering. This investigation was carried out on a sinter pallet using 
22 kg mixes at ISP Research Depa rtment of Imperial Smelting Processes 
Limited, A vonmouth. 
The possible formation of lead sulphite as an intermediate in the 
low temperatur e oxidation of lead sulphide was investigated by studying 
the therma l stability of the sulphide under various gaseous atmospheres. 
These studies were extended to zinc sulphite in relation to previous 
studies on the oxidation of zinc sulphide . 
These res earches form a part of a wider study in the oxidation 
of sulphides during shipment, storage and processing. 
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CHAPTER 1 
INTRODUCTION AND REVIEW 
1. 1 INTRODUCTION 
In the earth's crust lead is estimated to be present to the extent 
of 1. 6 x 10- 3% by weight and in sea-water at a concentration of 0. 004 
grams per ton. Very small qua ntities of native lead occur as a 
. . 204 206 207 
mlXture of the four 1sotopes:- Pb(l. 48o/o), Pb(23 . 6o/o), Pb 
208 (22. 6o/o), and Pb(52. 3o/o). The lead isotopes are the end products of 
three series of naturally-occurring radioactive elements, i.e. the 
. 206 . 207 
uranium series y1elds _Pb, the thorium series y1elds Pb and the 
208 
actinium s e ries yields Pb. Seventeen other isotopes, all of which 
are radioactive are recognized. 
The majority of lead used today is obtained by smelting the 
natural sulphide of l ead, galena. 
1.1.1 The Mine ral G a l en a 
The mineral ga lena is the principal ore of lead. It occurs most 
frequently associated with the zinc ore, sphalerite; the lead- zinc ores 
often conta in recoverable amounts of copper, silver, antimony and 
bismuth. In general, the lead-zinc minerals were deposited by hot 
ascending mineralizing solutions with moderate conditions of 
temperature and pressure. However, some of the largest ore bodies 
were forme d under high temperature and pressure conditions, e. g. 
Broken Hill, Sullivan and Bawdwin Mines. 
The Broken Hill Mines of New South Wales, Australia are 
located in a shear zone traversing sedimentary, igneous and 
metamorphic rocks. The ores contain 9-l4o/o Zn and 12-16o/o Pb with 
3-12 oz Ag per ton. In British Columbia the Sullivan mines produce 
ore containing ,..., 13o/o Zn and 11 o/o Pb. The Bawdwin mine s of Bur ma 
are loca t e d in a zone of crushe d, fa ulted rocks of rhyolite and rhyolite 
tuffs and yield I'V 24o/o P b and 1 5o/o Zn, being amongst th e r i che st in the 
world. 
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The mineralization solutions may also traverse limestone 
structures, which they can easily replace, following the bedding plane s 
to form horizontal or low dipping ore bodies, such as the Flats which 
formerly yielded large quantities of galena in Derbyshire. 
Galena smelting opera tions flourished in Great Britain in the 
seventeenth century especially in Derbyshire and Wales and from there 
spread to the colonies as ores were discovered. 
1.1.2 Metallurgy and Recovery of Lead 
The metallurgy and recovery of lead is complex, not because 
the reduction of galena is difficult, but due to the separation of other 
metals commonly associated with galena. 
A considerable number of the associated metals can be removed 
from the lead ore by a series of selective flotation processes, resulting 
in lead concentrates with an average lead content of 50o/o, although pure 
lead concentrates will analyse up to 80o/o lead. 
In the process of smelting lead ore in a blast furnace, the 
sulphur must be largely removed prior to introduction in the blast 
furnace, to prevent the formation of undue quantities of matte and 
control the formation of sulphide crusts. 
The preliminary sulphur removal in modern plants is carried 
out by sintering the lead ore with slag-forming reagents on a 
continuous travelling- grate sinter machine. 
The sinter process serves a two-fold purpose, namely, 
desulphurization and the production of a material with suitable physical 
characteristics for introduction to the blast furnace. 
The principal chemical reactions involved in the industrial 
sinter process are:-
and 
2P"!JS + 302 ~ 2Pb0 + 2S02 
PbS + 2Pb0~ 
PbS + 0 2 
2Pb0+ Si02 ~ 
3Pb + so2 
PbS04 
Pb2Si04 
, 
The b last furnace essentially consists of a rectangular 
refractory brick and water- j acketed column mounted above a crucible 
fitted with tuy€res along the lower sides for introduction of the air 
blast. 
Air is introduced under pressure through the tuy~res causing 
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the coke in the charge to burn an4 provide heat for smelting, as well 
as for the formation of carbon monoxide to reduce the lead oxide to 
lead. The gangue material consisting of silica, lime, and iron oxide 
combines with the zinc oxide and alumina, if present, to form slag, 
while the reduced lead collects such valuable metals as copper, silver, 
gold and antimony. 
Some sulphur, usually less than 2%, is always left in the sinter 
and will combine with copper and arsenic to form a matte and speiss 
respectively. 
The principal reactions taking place in the blast furnace are: 
2Pb0 + C ----;;. ·2Pb + C02 
PbO + CO~ Pb + C02 
C02 + C ---=.. 2CO 
and PbzSi04 + CaO + FeO ~ 2Pb0 + CaO. FeO. Si02 (slag} 
The lead bullion probably contains several valuable metals, as 
mentioned above; to extract these further refining steps are necessary. 
Copper is removed by simply cooling the bullion as it comes 
from the blast furnace to about 350°C, at which temperature the copper 
compounds become insoluble and separate out as a dross, leaving a 
copper-lead eutectic containing only traces of copper. 
The lead may be further refined directly by electrolysis by the 
Betts process, or by a continuing series of pyrometallurgical methods. 
In electrolytic r efining, the electrolyte is lead fluorosilicate; the anode 
is the impure lead bullion and the cathode is a thin sheet of pure lead. 
On passing an electric current through the cell, lead is deposited on 
the cathode and the impurities associated with the lead bullion, having 
a lower solution potential than lead, remain undis solved on the anode, 
forming a slime. The slime is removed and treated for the recovery 
of the valuable metals. 
In pyrometailurgical refining, the lead bullion after copper 
recovery is treated for the removal of arsenic, antimony and tin. 
This can be achieved by two methods, n a m e ly, "softening" and the 
Harris process . In the Harris process, liquid lead bullion just above 
its melting point is pumped through molten sodium hydroxide. Arsenic, 
antimony and tin are removed from the lea d and may be recovered 
separate ly from the caustic mix by leaching. 
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In the "softening" process, molt.en lead bullion at about 7500C 
is blown through with air and the metals alloyed with lead are converted 
to their oxides together with some lead and slagged off. 
Other processes, such as the Parkes proces·s, are used to remove 
silver and gold from the lead bullion. The Pattinson process for 
removal of silver and gold is not now in commercial usage, but CSIRO 
are currently working on a modern equivalent fractional crystallization 
process. 
1.1.3 Synthesis of Lead Sulphide 
Lead sulphide ·may be prepared by numerous wet processes, 
from lead s a lts and both organic and inorganic sulphur compounds. It 
may also be prepared directly from lead and sulphur, by stirring 
sulphur into molten lead. Good crystals of lead sulphide are produced 
by heating mixtures of lea d oxide, ammonium chloride and sulphur, or 
lead oxide with excess potassium thiocyanate, and by heating lead 
silicate in sulphur vapour. 
A comprehensive review of the methods used for the preparation 
of l ead sulphide is given in Mellor ,1 
1.1.4 Properties of L ead Sulphide 
Lead sulphide crystallizes in the sodium chloride face - centred 
0 
cubic structure, with the Pb-S distance 2. 97 A and is the only stable 
sulphide of lead. Lead sulphide is a p-type semiconductor when 
sulphur-rich and ann-type when lead-rich. Thus, crystalline lead 
sulphide was used in early radio receivers as the radio detector. 
Table l.la summarizes the properties of lead sulphide. 
According to the differences in electronegativity values for 
lead (1. 8) and sulphur (2. 5), lead sulphide has a 12% ionic character. 
On the same scale, NaCl has 67% and C sF 93% ionic chara cter. 
1. 1. 5 The Oxides of Lead 
Lead (II) oxide exists in two crystal forms; yellow mas sicot 
is orthorhombic and stable above 488°C and the red, tetrahedral form , 
litharge, is stable at room temperature. In wet processes for the 
preparation of lea d oxide the yellow form is obtained first, which 
then undergoes a transformation to the red form. This transformation 
is very sensitive to impurities and the presence of elements such a s 
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Table l.l a Prope rtie s of Lead Sulphide 
Molecular Weight 239.25 
Density 7. 5 g cm -3 
Colour Black 
Melting point 1114°C 
Crystal structure Face-centred cubic 
Solubility product 3. 4 x Io- 28, 18°C 
Solubility of lea d sulphide in solutions of varying pH levels against 
temperature 
pH 25°C 100°C 200°C 4.00°C 600°C 
3 -7 2.30 X 10 M 2.38 X 10 -6 1.58 X 10 -5 1.42 X 10 -4 4,73 X 10 -4 
7 3,28 X 10-ll 6.36 X 10-lO 8.56 X 10 -9 1.82 X 10 -9 1.15xl0 
-6 
11 2.34 X 10- 13 7,85 X 10- 12 4.06 X 10-lO 5.31 X 10 -8 7.5 X 10-7 
Si, Ge, P, As, Sb, Mo, W in concentrations as low as 10 ppm prevent 
the transformation. 
In tetragonal lead oxide, each lead atom has fou r oxygens as 
near neighbours, all lying to one side, and all the oxygen atoms lie 
between every other pair of lead layers, see Figure 1. 
Figure 1 Tetrahedral lead (II) oxide 
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The layering in orthorhombic lead oxide is a slightly puckered 
0 
version of the tetragonal form where four equal Pb-0 bonds (2. 30 A) 
0 
replace the two short (2.21 R) and two long (2.49 A) Pb-0 bonds. This 
close similarity presumably a llows small quantities -of impurities to 
stabilize the yellow orthorhombic forrn at room temperature. 
Red lead or minim (Pb3 0 4 ) can be formed by heating lead oxide 
and lead dioxide at about 250°C . It has a structure which consists of 
chains of Pb4+o6 octahedra joined by opposite edges; the chains are 
linked by Pb2+ ions co-ordinated to three oxygen atoms pyramidally, 
see Figure 2. 
Figure 2 
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On hea ting, Pb30 4 decomposes to lead oxide and oxygen (oxygen partial 
0 pressure of about 0. 2 atm at 550 C). 
Lead (IV) oxide (Pb02) 1 s form e·d in nature as the somewhat 
rare m .inera l plattnerit e with the rutile structure, but another 
orthorhombi c form is known and is usually referred to as o<.-Pb0 2. 
It is difficult to obtain in the perfectly anhydrous state as the 
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temperature for complete drying initiates the release of oxygen to form 
PbO and Pb30 4 . On heating, it decomposes to lead oxide and oxygen 
0 0 (part1al pressure of oxygen reaches 1 atm at 344 C). 
D TA studies of the decomposition of lead oxide, together with 
X- ray analysis have shown two further oxide phases:-
Pb02 
"'280°C> 
o<-PbO =""1. 66 X 
X 
o<.-PbOx "-J 375°C:> f3-Pb0y y ="'1. 5 
~-PbOy >375°C> Pb30 4 
A monoclinic structure is proposed for the o<-PbO 1. 66 which 
is probably the Pb7o11 and Pb5o8 of earlier workers. The f'-PbOl.S 
is orthorhombic with composition Pb20 3 . 
. 
The suboxide of lead, Pb20, has been reported by a few workers, 
but there is considerable doubt over its existence. 
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1.2 A REVIEW OF THE OXIDATION OF LEAD SULPI-IIDE 
The system lead sulphide/ air was considered by Wittung2 from 
a theoretica l aspect by giving a quantitative description of the 
equilibrium reactions occurring in the roasting process ( 627- 927°C) 
under varying conditions, e. g. reaction temperature, molar ratio of 
lead sulphide/air, and heat change when the reactions occur in a 
hypothetica l reactor. 
The model considered, consisted of PbS{s), o 2 {g) and N 2 (g) 
being brought into the hypothetical reactor at 25°C, heated to the 
reaction temperature, T°C, a llowed to rea ct and form a large number 
of different products. The reaction is summarized in the form:-
* * • nPbS· PbS + n02. 0 2 + 3.729 n02. N2 > n 1A 1 
where n 1 
mixture 
= the number of moles of substance in the equilibriun1 
* . n = the number of moles of substance in the initial 
mixture 
A 1 refers to all substances which were assumed to be formed 
in the equilibrium mixture. 
In order to carry out the complex calculation a computer 
programme "SOLGAS113 was used. 
From primary c a lculations using logarithinic diagrams (Sillen, 
Rengen 4) it was found that lead sulphite is unstable, and lead dioxide 
4 is only stable when P 0 > 10 atm. Consequently, neither lead 2 
sulphite or lead dioxide will be formed when l ead sulphide and air 
react under normal conditions. 
>,'< 
In the following cases, nPbS = 10. 
FROM 627-727°C 
For n~ ~ 17. 5 the following reaction will occur:-
2 
2PbS( s } + 3 .5 o 2 (g} ~ PbS0 4 . PbO(s} + S02 (g} (1} 
when all the sulphur from the lea d sulphide is oxidized (n~ = 17. 5), 
2 
the PbSO 4 . PbO will be converted to Pb~O 4 via 
PbS0 4 . PbO(s) + 0. 5 o 2 (g) + S02(g) ~ 2PbS04 (s)-----(2) 
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FROM 752-802°C 
All three basic sulphates appear, PbS04. PbO via reaction (1), 
PbS04. 2Pb0 and PbS04. 4Pb0 according to the following reactions:-
3PbS(s) + 50z(g)~ PbS04 . ZPbO(s) + 2S0 2 (g) -----(3) 
5PbS(s) + 8 Oz(g) ~PbS04. 4PbO(s) + 4SOz(g) {4) 
When rib2 is increased the basic sulphates react according to the 
reactions:-
3{PbS04 . 4PbO)(s) + ZSOz(g) + o2 (g) ~5{PbS04. ZPbO)(s) {5) 
2{PbS04 • 2Pb0)(s) + SOz(g) + 0.5 o 2 (g) ~ 3(PbS04 . PbO)(s) (6) 
and finally to PbS04 , via reaction (2). 
FROM 827-927°C 
Metallic lead is the product primarily formed. 
PbS(s) + Oz(g) p Pb(l) + SOz(g)-----------(7) 
* ( * For oxygen no2 = 10 PbS nPbS = 10) all the sulphur from the 
lead sulphide is converted to S02, and metallic lead remains the only 
condensed phase. 
to the equation: -
* For higher values of n02, lead v.rill react according 
5Pb(l) + SOz(g) + 3 o 2(g) ~ PbSO 4 . 4Pb0 -------(8) 
Further additions of oxygen will cause reactions (5), (6), (2) to 
occur. 
Thus it appears possible to produce metallic lead directly fr01n 
lead sulphide in a reactor at a temperature >852 °C, if the ratios 
>:- >!< 
n bz In PbS = 1, via reaction (7) and such a process has been 
demonstrated in the pilot plant scale by Fuller5 
Yazawa & Gubcova 6 carried out thermodynamical calculations 
on the Pb-S-0 system.and presented the results in isothermal reaction 
diagrams (680, 900, 1100°C) where log P 52 and log P 02 were the axes. 
At 680°C (Figure 3) the final roast products under normal 
roasting conditions, where the ga seous phase contains several percent 
so2 and Oz, seems to be PbSO 4 . The diagram also suggests that the 
oxidation product co-existing with lead sulphide under nonnal roasting 
conditions is P?SO 4 or PbS04 . PbO, and not PbO. 
At 900°C (Figure 4) the "roa st rea ction" begins with lead 
sulphide r eacting with PbS04 or oxide to form a more stable phase i. e. 
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Figure 3. Isothermal reaction diagram at 680°C 
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Figure 4. Isothermal reaction diagram at 900°C 
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PbS04 
PbS04 
PbS + PbSO 4 ~ 2Pb + 2S02 
or PbS + 2Pb0 ~ 3Pb + S02 
At 1100°C {Figure 5) all but PbS04 are in the molten state, the 
relationship between the condensed phase and so2 pressure suggests 
the roast reaction will proceed readily, resulting in metallic lead. 
The reaction PbS + 0 2---) Pb + so2 may also be considered with 
the conditions for direct production of lead being approximated by the 
line log P 502 = 0 {Figure 5). 
Thermodynamic calculations performed by Polyvannyi ~ al7 
show that the following reactions can occur during the sintering of 
galena in air at 450-1150°C:-
2PbS + 3 0 2 = 2Pb0 + 2S02 
PbS + 2 0 2 - PbS04 
PbS + o2 , = Pb + so2 
and the r eactions:-
/ 
PbS + PbSO 4 = 2Pb + 2S02 
PbS + 2Pb0 = 3Pb + S02 
may occur above 800°C and 1050°C respectively. 
A review of the physico:- chemical principles involved in 1 ea.d 
sulphide roasting are given by Melin & Winterhager 8 and includes 
equilibrium phase diagrams showing that PbSO 4 is the stable oxidation 
product with P 02 between 0.01-0.1 atm up to 900°C, above this 
temperature the basic sulphates are stable until ~ 1150°C when PbO 
becomes the stable phase. 
The products formed on· roasting lead sulphide between 400 and 
0 9 . 10 1250 C according to Kellogg & Basu and Lander are l ead sulphate , 
mono- basic lea d sulphate, dibasic lead sulphate, tetra- basic lead 
sulphate, · lead oxide {two crysta l forms) and metallic lead. The 
reacti9ns for.ming these products may be divided into two distinct 
categories, namely, oxidation and r eduction reactions. 
Oxidation reactions:-
4PbS + 7 0 2 ~ 2(PbS04 . PbO) + 2S02 ------(9) 
or 3PbS + 5 0 2 ~ PbS04 . 2Pb0 + 2S02 (10) 
or SPbS + 8 0 2 F PbS04 . 4Pb0 + 4S02 {11) 
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0 
or PbS + 2 0 2 ~ PbS04 ----------(12) 
Sulphation of the above pi"oducts with so 2 1nay also occur 
e. g. 2(PbS04 . PbO) + 2S02 + 0 2 = 4PbS04-----(13) 
Reduction reactions may occur with the oxidation products being 
reduced by lead sulphide vapour to lead or lead oxide . 
e. g. 3PbS + PbSO 4 . 4Pb0 = 8Pb + 4S02 ( 14) 
. or PbS + 3(PbS04· 4Pb0) = 16Pb0 + 4S02 (15) 
or PbS + 2Pb0 = 3Pb + so2 ( 16) 
i.e. the lead is being formed by reduction of the basic sulphate directly 
(14), or step-wise (15, 16). 
The reduction reactions depend upon the lead sulphide vapour 
being present. Figure 6 shows the volatility of lead sulphide against 
temperature. 
Equilibrium diagrams for the oxidation and reduction reactions 
have been calculated from published data (Table l. 2a ) by Kellogg &: 
Basu 9 ; Kirkv:ood & Nuttingll; Kubaschewski & Evans 12 and Tuffley 
& Russen13• 14. 
Table l.2a 
Substance AHf kJ~ol-1 6.Go f kJmol-1 so JK-1mol-l 
PbO (yellow) 217.11 188. 57 71. 5 
P bS 93.89 92.84 93. 1 
PbS04 918.58 812. 69 151. 4 
Pb (liquid) 3.88 2. 18 70.5 
so2 (gas) 296.71 299.98 247.8 
PbS04. PbO 1153.15 1019.28 224.9 
PbS04. 2Pb0* 1358.57 1200. 90 312.3 
PbSO 4· 2·Pb0>l< 1357. 60 1201.74 318.5 
PbS04 . 4Pb0* 181 4.32 1595.81 442. 9 
PbS04. 4Pb00:' 1815.57 1594 .76 435.3 
Table l.2a gives thermodynamic data for the reactants and products 
involved in the oxidation of lead sulphide. The thermodynan'lic values 
given for the compounds m a rked >:< were calculated from different 
reactions. The phas c diagra ms for the oxidation and reduction 
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reactions at 600, 800, 900, 1100 a,nd 1200°C are reproduced in 
(Figures 7 to 17). These diagrams being essentially horizontal sections 
of three dimensional diagrams where the temperature is plotted on the 
vertical axis. (Figure 17) represents the vertical section of the three 
dimensional diagra m at constant oxygen partial pressure {0. 21 atm. ). 
From (Figure 17) the following conclusions were drawn:-
(a) PbS04. 4Pb0 is unstable above 940°C 
(b) PbSO 4 . 2Pb0 is unstable below 620°C 
(c) Stable regions depend upon the partial pressures of oxygen and 
sulphur dioxide, and temperature. 
(d) The lead sulphide vapour pressure curve {Figure 6) limits the 
scope of the reduction reactions. 
Roasting experiments were performed by Tuffley & Russen13 
on lead sulphide prepared from high purity lead and excess sulphur at 
450°C in an evacuated pyrex capsule . From the results it was 
conclude d that:-
(a) 825°C is the lowest temperature at which metallic lea d was 
detected. 
(c) Samples roasted at 800°C; after 5 min. the intensity of the 
PbS04 . PbO X- r a y diffraction lines equalled those of the PbS04. 4Pb0, 
but after 30 min. the intensity of the PbS04 . PbO had increased, 
whereas those of PbS04. 4Pb0 had decreased and after 60 min. had 
disappeared. 
(c) N'o evidence of PbS04 . 2Pb0 was found which confirms the phase 
diagram {Figure 17) findings that PbS04 . 2Pb0 decomposes below 620°C. 
i.e. 3{PbS04 . 2Pb0) <
620
°C) 2PbS04 . Pb? + PbS04 . 4Pb0 
Since PbS04 . 4Pb0 is unstable above 940°C {Figure 17), the 
X-ray lines for the PbS04. 4Pb0 present after roasting at 1000°C and 
1100°C are accounted for by the decomposition of PbS04. 2Pb0 below 
620°C. At 800°C after 5 min. the products identified were PbS04 . PbO 
and PbS04 . 4Pb0, and it is assumed that PbS04. 2Pb0 was a lso present. 
Thus the reactions concerned would be:-
4PbS + 7 0 2 = 2(PbS04 . PbO) + 2S02 
3PbS + 5 0 2 = PbS04 . 2Pb0 + 2 SOz 
5PbS + 8 Oz = PbSQ4 . 4Pb0 + 4SOz 
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Figure 15. Equilibrium diagram for oxidation reactions at 1200°C 
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with the following sulphation reactions also occurring:-
3{Pb504 . 4Pb0) + 0 2 + 2502 = 5{Pb50 4 . 2Pb0) 
4(Pb504 . 2Pb0) + 0 2 + 2502 = 6(Pb504 . PbO) 
At 1100°C both oxidation and reduction reactions would occur 
simultaneously with lead sulphide vapour involved thus:-
3Pb5(vap) + 2{Pb504 . PbO) 
or 2Pb5{vap) + Pb804. 2Pb0 
= 7Pb + 5502 
= 5Pb + 3502 
Lead sulphate is the highest oxidation product, the free energy 
of the reduction reaction to Pb504 . PbO becomes negative at 490°C; 
direct reduction to other compounds is not thermodynamically feasible 
until 700°C {Figures 10, 14). 
Another experiment performed by Tuffley & Russen13 at 800°C 
between lead sulphate and lead sulphide vapour in a nitrogen atmosphere 
produced metallic lead; the reaction mechanism put forward is: -
Pb5(vap) + 7Pb504 = 4{Pb504 . PbO) + 4502 
Pb5{vap) + 10{Pb504 . PbO) = 7(Pb504 . 2Pb0) + 4502 
2Pb5(vap) + Pb504 . 2Pb0 = 5Pb + 3502 
Tuffley & Russelll3 conclude that a necessary condition for lead 
formation, when lead sulphide is roasted in air, is that the partial 
pressure of lead sulphide must be sufficient to allow the reaction to 
proceed in contact with gases containing up to 0. 21 atm sulphur 
dioxide; 825°C is the minimum temperature at which these conditions 
are fulfilled. This is in close agreement with the theoretical findings 
of Wittung2, in that, 850°C is the minimum temperature for lead 
formation. 
Gray et a115 studied the kinetics of sulphation of single crystals 
{3-4 mm) of lead sulphide between 696-800°C in ;known composition gas 
atmospheres using a the rmobalance technique. An equation was 
derived on· the basis that diffusion through the product layer was the 
major rate-controlling step. Thus the rate of sulphation was linearly 
related to the log of the sulphur trioxide parti a l pressure. Gold marker 
experiments showed tha t the sulphate layer grows outwards by ion diffusion. 
Vander Poorten & M eunierl6 found Pb50 4. PbO is produced on 
heating 44-7 4 pm lead sulphide in air on a thermoba lance between 550-
6500C , with the reac tion p rocee ding according to the equation:-
- ll -
4PbS + 7 02 = 2{PbS04. PbO) + 2S02 and following a parabolic rate 
. 0 law bemg ahnost complete at 650 C. The kinetics of the oxidation 
are due to the diffusion of oxygen and sulphurdioxide through the 
oxidized layer. Between 700-750°C the reaction goes further and 
follows a linear rate law for the first 20 min, the kinetics probably 
depending upon sulphation at lower temperatures, primarily forming 
PbS04. PbO and PbO. Mter 25 min, the only reaction product is 
PbS04. PbO with little diffusion through the oxidized layer, and 
recrystallization of PbSO 4 . PbO occurring. Mter 90 min at 700°C, 
PbSO 4 appears for the first time, forming on the lead sulphide 
underneath the PbS04 . PbO by a secondary reaction with so2 according 
to the equation:-
2(PbS04 . PbO) + 2S02 + 0 2 = 4PbSO 4 
From 815-860°C the main reaction is direct oxidation of lead sulphide 
to lead 
i.e. PbS + 0 2 ~ Pb + S02 
At 860°C this direct oxidation follows a linear rate law virtually to 
completion. When the reaction was quenched at 860°C, lead and very 
small quantities of PbS04 . PbO and PbO were found. The resulting lead 
may be further oxidized to PbO at 860°C, following a linear ra.te law. 
Culver ~!..all? obtained similar weight-time curves for the 
PbS04. PbO formation, and for the formation of lead and lead oxide. 
Oxidation of <74 fiT1 galena in air (3. 84l.h- 1) was carried out by 
Margulis & Ponomarev18. In contrast to Tuffley & Russeul3, and 
Vander Poorten & Meunierl6, they found that between 600-650°C lead 
sulphate is produced, at 680°C PbS04 . PbO,and by 750°C ma.inly 
PbSO 4 . PbO and PbSO 4 . 2Pb0 with a little PbSO 4 , a t 8300C a basic 
sulphate-lead oxide eutectic melt; at 900°C after 10 min lead, a little 
lead oxide and basic sulphate, whilst after 60 min 
oxide. 
substantially lead 
Ponoma rev & Polyvannyi l9 oxidized 62-7 4 ym galena in air 
{10 lh-1) and found PbS04 and PbO (or PbS04 and PbS04. PbO) at 400°C, 
and traces of lead at 550°C r esulting from a reaction between lead 
sulphide and its oxidation products. The amount of lead reached a 
maximum after 5 min between 700-850°C and was then oxidized to lead 
oxide. 
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Under similar conditions (air flow 27 1 h -1) Chizhikov ..£!_ al20 
found lead formation maximized at 800°C. Further studies on the 
oxidation of galena(< 74 pm) in air (6 lh- 1) at 550-800°C were reported 
by Polyvannyi21. 
Ponomarev & Polyva.nnyi 19 calculated the degree of 
desulphurization as a percentage (proportion of lead sulphide converted 
to sulphur free products) of 62-74 pm galena oxidized in air (10 lh-1) 
from 400-1 000°C. The "percentages" for various reaction times and 
temperatures are given in Table 1.2b. 
Table 1. 2b 
Time 400°C 550°C 700°C 8500C 900°C l000°C 
m in 
5 - - 25.90 79.20 93.70 99.00 
10 - - 29.00 88 . 70 95.90 99.80 
15 0.96 6.30 36.70 89.80 97.00 100.00 
30 1. 20 9.05 40.70 92. 10 - -
60 1. 45 10.09 41.30 96.70 - -
Table 1. 2b gives the percentage desulphurization for various reactior.. 
times and temperatures for 62-7 4 Jlm galena oxidized in air flowing at 
10 lh-1. Similar studies h a ve been m a de by Margulis & Ponomarev22. 
According to Ponomarev & Polyvannyi 19 the rate of oxidation 
of 62-74)lm galena in air (10 lh-1) at 400°C is low. At 550°C the rate-
time curve has a maximum after 2 min, then remains constant, with 
the maximum oxidation rate occurring at 700°C (greatest weight gain) . 
As the temperature rises, the rate of initial oxidation increases. A 
relationship between temperature and oxidation rate was derived:-
log rmax =A-~ from 400 -700°C where A= 4.22, B = 2240 K, 
T 
and from 700-1000°C, A= 2. 65, B = 728 K. The activation energies 
in the studies were 46. 67 and 13. 93 k J mor 1 respectively; below 
700°C the 1·ate determining step is chemisorption, and above 700°C is 
diffusion of oxygen. 
Furthe r experiments on the oxida lion rate performed by 
Polyvannyi21 between 550- 850°C, and Culver ~ al17 obtained rate 
constants for the oxidation of powde red galena from 767-912°C . 
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Ponomarev & Polyvannyi 19 reports on the course of oxidation of 
powdered galena in air with continually rising temperature (420-1050°C). 
1.2.1 Dependence upon Oxygen Concentration 
mg 
oxygen 
575 
aiEr------------------------1 
550 
525 
500 
oxygen 
475 
air 
450 
425 ~---------L----------i-----------~--------~ 
0 20 40 60 80 
Oxidation time min 
Figure 18 Isothermal curves for the oxidc.tion of 74 fm PbS in 
air and oxygen 
Figure 18 shows the thermogravimetric curves for the oxidation 
of 44-74pm le~d S 1.1lphidc in a ir and oxygen (1. 86lh-l). They show 
that a t both 700 and 860°C increasing the oxygen partial pressure 
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increases the rate of sulphation. Analysis shows that with pure oxygen, 
the percentage of lead sulphate produced is considerably increased, but 
PbS04 . PbO remains the main oxidation product. After 90 min at 
860°C the oxidation to metallic lead and lead oxide is more rapid in 
oxygen than air, according to Vander Poorten & Meunier23 . 
With 74pm galena in a gas flow of 6lh-l the following results 
were obtained by Polyvannyi21, 
Table 1.2c 
~ 21 30 50 100 
550°C 
60min 12.76 13.85 19.45 23.04 
700°C 
5min 35.47 42.42 50.00 54.74 
850°C 
5min 50.78 58.44 66.20 71. 65 
Table 1.2c shows the variation in percentage lead oxide formed agai11.st 
oxygen concentration. 
Po1yvannyi21 inferred that increasing the oxygen concentration 
0 
raised the reaction rate at all temperatures. Between 550 and 700 C 
both the formation of oxide and sulphate increases with increasing 
oxygen concentration. At 850°C the lead sulphc..te pl'oduced begins to 
react with the remaining lead sulphide giving lead. Metallic lead was 
found between 700-850°C, and at a given temperature the amount 
decreases as the oxygen concentration is increased. Po1yvannyi21 
gives the full details of the proportions of lead sulphate, lead oxide and 
lead in oxidations using 21, 30, 50 and lOOo/o oxygen at 550, 700 and 
850°C from 5 to 60 min. 
Kinetic experiments p erformed by Polyv~nyi ~~ 24 in a flow 
reactor with galena and oxy gen enriched air containing 21, 25, 29, 35 
and 95% oxygen at a series of temperatures show the reaction rates at 
a maximum between 600-800°C. The results obtained confirm the 
earlier findings of Ponomarev & Polyvannyi 19, in that, above 700-800°C 
there is a 4-fold decrease in activation energy as the rate controlling 
process changes from che1nisorption to diffusion control. Polyvannyi 
.£!._ a1 24 conclude by pointing out that it would he a dvantageous in an 
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industrial process to use 29o/o oxygen-enriched air. .21 P olyvanny1 also 
investigated the degree of desulphurization of 74 pm lead sulphide with 
oxygen content at a flow of 6 1 h- 1 . Table 1.2d summarizes the results 
at 700°C. 
T able 1.2d 
~ 21 30 50 100 n 0 
5 25.40 37.00 40.20 43.00 
15 36.25 45. 50 52.70 56. 10 
Table 1.2d gives the variation in percentage desulphurization with 
oxygen concentration and reaction time at 700°C. 
Increasing the oxygen concentration, in general, results in an 
increase in desulphurization, and oxidation rate. At 550°C increasing 
the oxygen concentration leads to only a small i...."'lcrease in 
desulphurization and oxidation rate. At 700 °C it is far more noticeable, 
but the increase iri desulphurization by raising the oxygen content from 
21 to 30% is greater than raising it from 50 to lOO%. The reaction 
order with reference to oxygen is virtually zero at temperatures < 700°C. 
Chizhikov et a120 found at higher oxygen concentrations lead 
oxide, with the quantities of lead sulphate and lead in many cases 
reaching a maximum at 800-900°C, with the phases being subsequently, 
wholly or partly consumed by the reactions:-
PbS04 + PbS 
or 2Pb + o2 
= 2Pb + 2S02 
= 2Pb0 
Table 1.2e shows the products obtained with 74 )lm galena in a 
stream of pure oxygen after 15 min and 1 hat 550, 700 and 850°C. A 
more comprehensive t~ble is given by Polyvannyi21. 
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Table 1.2e 
Unreacted o/o o/o o/o o/o 
PbS PbS04 PbO Pb D esulphurizatior 
0 550 c15 . 75.30 12.30 13.20 14. 00 m1n -
60 min 58.15 18.85 23.04 1. 20 25. 10 
700°C 
15 min 31.80 14.84 54.74 1. 44 56. 10 
60 min 20.21 12.82 64. 15 1. 00 66.09 
850°C 
15 min 3.30 4.35 89.21 2', 38 92.45 
60 min 1. 06 1. 44 96. 63 - 97.10 
Table 1. 2e gives the percentages of unreacted lead sulphide and 
proportions of lead sulphate, lead oxide and lead produced at a series 
of reaction temperatures after 15 and 60 m i n in pure oxygen. 
1.2.2 Dependence upon Ga s Velocity 
A thermogravimetric study by Vander Poorten & Meunier 23 
using 44-74y.m ga lena with two different gas flow s (0. 22, 1. 86 lh- 1) 
found at 700°C both the oxidation rate to PbS04. PbO and the quantity 
of PbS04. PbO produced decreased with decreasing gas velocity, see 
Figure 19 . In the second period of oxidation, the rate is 
dependent upon the diffusion of gases through the PbS04. PbO layer and 
the gas velocity no longer a ffects the reaction rate. At 860°C the 
rate of reduction of lead sulphide to lead is lowered with decreasing 
gas velocity. As the lead is formed it is oxidized to lead oxi de, 
leading to the w eight gain (A) Figure 19. 
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Figure 19 Isothe rmal curves for the oxidation of PbS in air 
flowing at 0. 22 and 1. 86 lh- 1 
According to Ponomarev & Polyvannyi 19, gas velocities from 
1.5 to 10 lh- 1 have no effect on the oxidation rate of 62-74 pm galena 
0 
at 400-550 C. 
The relation log r max = A - B between temper ature and 
T 
maximum r ate of oxidation, yields activation energies of 48.59, 48.40 
and 46.67 kJ mol- l in the temperature range 400-700°C "\\rith gas 
velocities of 1.5, 3.5 and 10 lh-1; (A= 3.08, 3.66 and 4.22; B = 2540, 
2530 and 2240 K) respectively. This constant value for the activation 
energy shows that v;ithin this temperature range the reaction mechanism 
is independent of gas velocity. Abo ve 700°C the reaction does net solely 
d epend on gas velocity but also on the diffusion of oxygen, although the 
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higher the gas velocity the greater the oxidation rate and degree of 
d esulphurization. 
The difference in the assertions of Vander Poorten & Meunier23 
over the lack of dependence of the oxidation rate on the gas velocity in 
the diffusion region may be due to the different gas velocities used. 
Oxidation rate -time curves for 700- 900°C with three different 
gas velocities a r e given in the original19. With the higher gas 
velocities, lead oxide increases above a ll other phases . In the 
oxidation of 62-74 fm with a ir flowing at 1. 5, 3. 5 and 10 lh- 1, the 
percentage lea d sulph~de converted to lead oxide at 700 and 850°C in 
15 and 60 min is given in the following Table 1.2£. 
T able 1.2£ 
~ 1.5 3.5 10 e 1 
0 
700 c 15 m in 20.00 27.20 34.69 
60 min 25 . 68 32.00 4 1. 00 
0 
850 c 
15 min 23.98 59.62 82.65 
60 min 50.52 86. 19 95:5o 
Table 1.2£ shows the p~rcentage l ead sulphide converted to l ead oxide 
at 700 and 850°C after 15 and 60 min. 
The amount of l ead sulphate only marginally increases with 
increasing gas velocity, whilst the quantity of l ead declines v.1ith 
increasing gas velocity. 
Very similar rate/ time curves were achieved when the a ir 
passed through or over the sample. At 400°C the reaction rates were 
the same. At higher _t emperatures especi ally above 700°C, Ponomarev 
& Polyvannyi l9, found the maximum rate of oxidation was lower, 
desulphurization slower, and the quantities of oxidation products 
smaller, when the air passed over the sample. 
The use of sintered pastilles of lead sulphide in air {1.86 lh- 1) 
results in the reaction to PbS04. P bO on the surface, and l ead sulphate 
inside. At 780°C the remaining lead sulphide and sulphate react to 
give lead and sulphur dioxide . The lead layer prevents direct oxidation 
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of lead sulphide to lead oxide with oxygen according to Vandcr Poorten 
& Meunier25 . Lead oxide is unstable in the presence of lead ·sulphide 
yielding lead and sulphur dioxide. Thus the presence of lead sulphide 
stabilizes the lead against oxidation of oxygen, and only when all the 
lead sulphide is converted to lead does lead oxide appear on the surface 
of the molten lead. 
Spasov ~ a126 investigated the oxidation of briquettes of lead 
sulphide in air (30 lh-1) employing a thermal balance, and found 
between 300- 650°C the briquettes weight increased due to preferential 
formation of sulphates·. Above 390°C desulphurization begins, and 
above 650°C increases very rapidly with temperature. The activation 
energy was calculated from the_ desulphurization curves on the basis of 
27 
the relation derived by Spasov & Machov , 
Q = k (t2 - .t_ ) 
2u 
where Q = desulphur.ization in time t 
u = time for complete oxidation of the bri.q-~,tette 
k = rate constant for the process 
which gave a value of 44. 92 k J mol-l. The composition of a new phase 
PbS04. PbO was established, and concluded to be a product of the reaction 
of lead oxide and lead sulphate. 
Tuffley & Russeu13 ' 14 oxidized synthetic galena(....., 6mm) in air 
(9 1 h -l) and found the oxidation products PbSO 4 . PbO and PbS04. 4Pb0 
at temperatures from 600-1000°C. Lead oxide was only found at 600°C; 
at 700°C it disappeared. Lead sulphate was not observed at any 
temperature. The fact that Tuffley & Russenl 3, 14 in contrast to 
Vander Poorten & Meunier 23 found no lead sulphate, may be due to the . 
higher rate of air flow, and removal of the sulphur dioxide formed 
before sulphation could occur. 
1.2.3 The Effect of Particle Size 
Vander Poorten & Meunier23 studied the oxidation lead sulphide 
of three different particle sizes (44-74 pm. 74-297 ym. 297-840 rm) in 
air (l. 86 lh-1) and found increasing the particle size decreases the 
initial quantity of PbS0 4 . PbO fo:::med at 700°C. Thus the reaction rate 
is a function of accessible surface . In the second period of the 
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oxidation, the rate is dependent on diffusion, but independent of particle 
size. 
Ponomarev &: Polyvannyi l9 oxidized lead sulphide of. three 
different size ranges (62-74 pm. 143-147 pm. 250-5-00 pm) in air flowing 
at 10 1 h -l. 
The following Table 1. 2g shows the values for A and B and the 
activation energy in two temperature ranges with three particle size 
ranges. They used the formula log rmax = A(l) - ~(1) to find the 
. T 
maximum rate, and concluded that the small variation in activation 
energy, Q, within each temperature range proved that the oxidation 
mechanism is independent of the particle size. The smaller the 
. . 
particles the greater was the quantity of oxidation product, especially 
lead oxide. 
·This is confirmed by Saito28 and Friedrich29. 
Table 1.2g 
400°C 
- 700°C 700°C - 1ooo 0 c · 
62-74 143-147 250-500 62-74 143-147 250-500 
pm pm pm pm pm flm 
Al 4.22 3.35 3. 18 A2 2.65 2. 60 2.64 
Bl 2440 K 2650 2775 B2 728 K 800 888 
Ql 46. 67 50. 64 52.99 a2 13. 92 15.31 16. 98 
kJmol-1 kJ mol-l 
Table 1. 2g shows the variation of constants A and B and activation 
energy Q with particle size in the temperature ranges 400 -700°C and 
700-1000°C. 
1.2.4 Comparisons of Natural and Synthetic Galena 
Vander Poorten &: Meunier23 compared the oxidation of synthetic 
and natural galena ( 44-7 4 pm), and found at 7 QQOC natural galena 
sulphated considerably more slowly a.nd less completely than the synthetic 
material. By...,770°C the oxidation rates are similar, and at 860°C 
the two reactions proceed at the san1e rate. 
The oxidation of 52-7'! ym natural, crystalline synthetic, and 
amorphous synthetic galena \~ith air (10 lh-1), after 15 min at 700°C 
gave the follo_;ing percentage conversions of lead sulphide to l_ead oxide 
34. 7, 35. 0, 52.8% respectively. At 800°C, the comparable figures 
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are 82. 6, 85. 3, 94. 9%. Thus, the reaction rates are similar in the 
first two cases, but the amorphous galena reacts appreciably faster at 
any given temperature according to Polyvannyi 30. 
. . . 
1.2.5 The Effect of Sulphur Dioxide on Oxidation 
In further studies Polyvannyi31 oxidized < 74 pm galena in air 
(6lh-l) between 550-850°C with sulphur dioxide concentrations of 
4-100%. With only 4-8% sulphur dioxide the oxidation rate is reduced 
by 120/o, and with lOO% the oxidation practically ceased. Between 
.550 -700°C the effect of sulphur dioxide addition is most marked. This 
is explained by the fact that sulphur dioxide is more easily adsorbed 
onto the lead sulphide than oxygen, and thus crowds the active sites. 
At higher temperatures the adsorption decreases, and the effect of 
suiphur dioxide is less. The higher concentrations of sulphur dioxide 
lead to a greater proportion of lead sulphide being converted.to lead 
sulphate especially between 550-700°C. 
Table 1 2h . 
. ... 
Sulphur dioxide 
0 4 8 12 20 50 percentage 
% Lead Sulphate 15.72 16. 95 17.95 20.47 .21.05 23.43 
% Desulphurization 41.87 42.95 40. 20 39.20 37.40 33.50 
Table 1. 2h shows the percentage lead sulphate formed, and · 
. desulphurization with various concentrations of sulphur dioxide at 700°C 
after 60 min. 
Later work by Gaivoronskii & Polyvannyi32 using sulphur dioxide 
concentrations from 2-100% in air (6 lh-1) at temperatures from 500-
10000C found similar trends, i.e. gaseous. products contai..TJ.ing > 10% 
sulphur dioxide slowed down the process. An equation was derived 
relating the rate of oxidation with air/ sulphur dioxide ratio and 
temperature; and it was concluded that the roasting of lead sulphide 
ores would proceed without appreciable accumulation of sulphate if the 
sulphur dioxide is <1 0%. 
Further results on the oxidation of galena in a mixture of 95% 
air, 5% sulphur dioxide are given by Saito33. 
Statements on the relationship between the oxidation products 
and sulphur dioxide content of the air at Various temperatures are given 
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by Trifonov34. 
Culver .!:!_al 17 oxidized 350-420 F galena in~ stream of 
o 2-N2--so2 gas mixtures flowing at 36-60 lh-1. At 673-787°C with 
5% oxygen and 1% sulphur dioxide the only product is lead sulphate, 
agreeing with the phase diagram (Figure 10}. The lead sulphate 
formation follows a parabolic rate law, w2.. = Kt + c 
where w = weight increase in time t 
t = time in min. 
K and c are constants 
Using an 02-N·2-S02 gas mixture with 0. 003% sulphur dioxide 
at 780°C, PbS04 . PbO is formed, and the rate constants are -
with 5% oxygen, 5. 7 x 102; 10% oxygen, 3. 0 x 10 2 ; 20% oxygen, 
2.35 X 10 2; 50o/o oxygen 5.7 X 10 1 kg2m- 4 min-1. Thus the oxidation 
rate is inversely proportional to the oxygen partial pressure. At 
>50% oxygen practically no reaction takes place. 
Vander Poorten & Meunier23 report that the oxidation ~f galena 
in air in a closed space favours the formation of lead sulphate when 
sulphur dioxide is added. 
Further information on the stability of lead sulphate in higher 
sulphur dioxide concentrations is given by Kirkwood & Nutting35 , ·"and 
by Collett-Des~ostils36. 
Paduchev et a137 studied the reaction between sulphur dioxide and 
lead sulphide containing 35 S at 650 and 700°C. In a stream of sulphur 
dioxide, the radioactivity gain of the sulphur dioxide was slight. In a 
closed system the sulphur dioxide became app:!:'eciably radioactive, with· 
the radioactivity of the lead sulphide being reduced. The results were 
interpreted on the assumption that lead oxide is formed in the initial 
stage by the reaction pf lead sulphide and sulphur dioxide, and the lead 
oxide reacts with the sulphur dioxide to form lead sulphite which 
disproportionated to give lead sulphate and lead sulphide. 
1.2.6 Low Temperature Oxidation in Dry Air 
Lead sulp~ide prepared from hydrogen sulphide and lead 
acetate solutions contain excess lead and free sulphur according to 
Reuter & Stein 38, and is more easily oxidized than the lead sulphide 
prepared by the decomposition of lead thiourea in alkaline solution, which 
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contain excess sulphur. The leaci sulphide, with excess sulphur, 
increased in weight by 0, 36o/o at 100°C in 3 months, whereas the. lead 
sulphide with excess lead increased by 15o/o at 100°C in 24 days. 
Similar differences are noticeable at 200°C. At 400°C both are rapidly 
converted to lead sulphate. 
Hillenbrand39 investigated the reaction of lead sulphide with 
oxygen, and noted a reaction at room temperature. Measurements 
made above 100°C found that the reaction rate was directly proportional 
to the surface area of lead sulphide, oxygen pressure and inversely 
proportional to the lead sulphate product layer for oxygen concentrations 
< 0. 4 mole per mole of lead sulphide. 
Oxidation of lead sulphide in air between 200-350°C was studied 
by Kirk wood & Nutting 40 by using electron diffraction of thick films and 
galena surfaces. Between 200-300°C the film is composed of very 
small crystallites of lead sulphate initially, this being followed by the 
formation of oxide in the form of needles; after a time, PbSO 4 . 4Pb0 
is obtained. The proposed mechanism is that after the continuous film 
is formed, lead ions diffuse to the surface leading to the formation of 
lead oxide, and sulphur accumulates in the kernel. The sulphur pressure 
increases and erupts through the film of oxide permitting the formation 
of basic sulphate. 
H 'h 41 ag1 ana found 17.0°C to be the temperature where lead sulphate 
first appeared on the surface of a single crystal. At 250°C, the lead 
sulphate formation was rapid and after -1 h yellow lead oxide is 
produced in increasing quantities. After Sh at 250°C, PbS04 . 4Pb0 is 
formed. This data agrees with the results obtained by Kirkwood & 
Nutting40. 
2 3 . At low pressures {lo- - 10- mm. Hg(l. 3-. 13 Pa}) and between 
100-300°C PbS04 is formed, and at 350°C mainly Pb20. Probes 
heated to 500°C produced Pb20 and lead oxide, it was assumed that 
under these conditions Pb20 is converted to lead sulphate in the lack of 
oxygen, Hagihana42. 
At 0.2 mm. Hg(2.6Pa} oxygen pre!lsure, lead sulphide is converted 
to lead oxide (5-4Co/o} with the release o£ sulphur dioxide at 550-600°C 
accord·in g to Sosonovskii ~ al 43 . 
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1.2. 7 The Effect of Moisture on Low Temperature Oxidation 
The action of moist air on lead sulphide with excess lead at 20°C 
results not only in lead oxide and sulphur as with dry air, but also basic 
lead thiosulphate (PbS 2o3. PbO.x H20) from a secondary reaction 
according to Reuter &. Stein38• Similarly Mellgren 44 'de-scribes the 
formation of basic thiosulphate and thiosulphate as oxidation products 
of the surface of galena in moist air, Leja ~a1 45 also found lead 
thiosulphate resulting from atmospheric conditions. 
Percy4 6 in 1870 reported the action of oxygen on moist lead 
sulphide at between 50-150°C; at 125°C sulphur dioxide was detected 
by smell. Between 100-400°C moist lead sulphide is oxidized to lead 
sulphate, at lower temperatures basic thiosulphate is produced first, 
but later decomposes to lead s~lphate, Reuter &. Stein38. 
Eadington &. Prosser47 investigate·d. the su~face oxidation of 
lead sulphide and found the principal oxidation product depends upon the 
time over which oxidation has occurred. Up to 12 h. basic lead 
thiosulphate is predominant with lead sulphate not appearing in 
significant quantities until after 4h; with increasing time lead sulphate 
becomes the more predominant species. 
Further experiments performed by Eadington & Prosser4~ on 
the oxidation of precipitated lead sulphide ( 15. 7 m 2 g- 1) by oxygen in 
water at low temperatures found the products dependent upon pH, and 
time of exposure. At pH 1. 5 lead thiosulphate is unstable and the 
major product is sulphur; at pH 7. 0 the major product is lead sulphate 
after 12 h. and at pH 9. 0 is lead thiosulphate. They48 conclude by 
saying that at all pH levels no detectable quantities of lead sulphate 
appeared until at least 5 h. oxidation. 
Myuller ~ al4 9 oxidized precipitated film·s of lead sulphide m 
air, and found washing in water leads to lead hydroxide by hydrolysis; 
drying at 145°C produced lead· oxide. 
1.2.8 D TA Studies 
Kurian &. Tamhankar50 made thermodynamic and kinetic 
investigations( using differential thermal analysis),of some metal 
sulphides, including lead sulphide. 
Finely divided samples of sulphides were roasted under 
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controlled conditions in a recording differential thermal analys er 
(Delta therm DT A equipment). 
DT A thermogram of Lead Sulphide in Static Air 
Exotherm 
l Heating rate 10°C min -1 
.AT 
1 
Endotherm 
100 200 
Temperature 
Exotherm 
J 
DTA thermogram of Lead Sulphate in Static Air 
. 5oC . -1 Heatlng rate m1n 
1 
Endotherm 
700 800 900 
T oc emperature 
1000 1100 
Figure 20 illustrates the DTA thermograms obtained for lead 
sulphide and lead sulphate. 
Lead sulphide under goes a sluggish endothennic transition in 
the range 60-360°C with m axima at 150°C and 250°C in static air. 
This was followed by an exothermic transition in the range 360-725°C 
'\vith a maximum a.t 640°C. A further sharp endothermic transition in 
the range 870-890°C occurred. 
Lead sulphate displays a prominent endothermic transition in 
- 36 -
the range 867-895°C, and another at 980-1010°C, see Figure 20; 
(980-1010°G transition not illustrated). 
The sulphation process is invariably an exothermic reaction, 
hence the major exotherm in the range 36.0-725°C. An .attempt was 
made to calculate the kinetics and thermodynamics of some of the 
transformati~ns, giving an activation energy of 50.18 kJmol-1 for the 
reaCtion PbS + 2 o 2 = PbS04. 
Dimitrov et a151 determined the characteristic temperatures of 
several sulphides, by measuring their D. T. A, thermogram; 
list three temperatures for each -
. T 1 = beginning of the oxidation process 
T2 = temperature of vigorous reaction 
They 
T 3 = temperature at which the oxidation nearly goes to 
completion. 
For lead sulphide, T 1 = 740oc, T 2 = 760°C and T 3 = 780°C. 
1.2. 9 Summary 
Summarizing the main points of the previous work on the 
oxidation of lead sulphide: at low temperatures Reuter &: Stein38, 
Mellgren44 and Leja45 all report basic lead thiosulphate as the main 
oxidation product in moist air at room temperature. Eadington &: 
Prosser47 also found basic lead thiosulphate as the main oxidation 
' -
product up to 12 h., for longer oxidation periods lead sulphate becomes 
the predominant species. Further investigations48 conclude the 
oxidation product is dependent upon pH, as well as time of exposure. 
Kirkwood &: Nutting40 and Hagihara41 investigated the oxidation 
of thin films and single crystals respectively and reports that lead 
sulphate is first formed between 170-200°C and that this is followed by 
the formation of lead oxide at 250-300°C and PbS04 . 4Pb0 after a time. 
At higher temperatures from the phase diagrams for the 
oxidation and reduction reactions it is found that PbS0 4 . 4Pb0 is unstable 
above 940°C and PbS04. 2Pb0 is unstable below 620°C. Tuffley &: 
13 14 Russell ' conclude a necet;sary condition for lead formation is the 
partial pressure of lead sulphide being sufficient to allow the reduction 
reactions to proceed in contact with gases contain4tg up to 0. 21 atm. 
sulphur dioxide; 825°C is the minimum temperature at which these 
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conditions occur. 
Vander Poorten & Meunier23 .fow1d PbSO~. PbO to be the main 
oxidation product between 550- 650°C; on roasting ~t 700°C for 25 min 
it was the only reaction product and only after 90 min was lead 
sulphate detected. Culver17 obtained similar results. In contrast, 
Margulis & Ponomarev2 2 found lead sulphate to be produced between 
600-650°C and PbS04. PbO was not detected until 680°C. Similar 
results were obtained by Ponomarev & Polyvannyi l9 in that, lead 
sulphate was detected first, at 400°C. 
Studies on the effect of sulphur dioxide on the oxidation rates 
and products performed by a number of workers31, 32 show that low 
concentrations of sulphur dioxide ( 4- 8o/o) can reduce the oxidation rates 
by 10 -200/o. Higher percentages lead to greater proportions of sulphide 
being converted to sulphate. 
23 . 21 Vander Poorten & Meunier and Polyvannyi agree that 
between 550-850°C increasing the oxygen concentration raises the rate 
of sulphation. Kinetic experiments performed by Polyvannyi21 show 
the oxidation rate increasing with higher oxygen concentrations and 
overall results in an increase in desulphurization, 29o/o oxygen enric!lment 
being optimum. 
Ponomarev & Polyvannyi l 9 .inferred the gas velocity has no effect 
on the oxidation rate between 400-5500C. At 700°C and above Vander 
Poorten & Meunier 23, and Ponomarev & Polyvannyi 19 found the oxidation 
rate _increased with higher gas velocities, even though the reaction rate 
is diffusion controlled above 700°C . 
. Both Vander Poorten & Meunier23 and Polyvannyi21 concluded 
0 
that the particle size only affects the initial oxidation rate. Above 700 C 
the oxidation rate becomes independer!t of particle size. When 
comparing oxidation rates of natural and synthetic galena ( 44-7 4 pm) 
they23, 21 found similar trends, i.e. the synthetic reacted more rapidly 
than the natural. 
In practice reactions of solids which are thermodynamically 
feasible are often kinetically unfavourable due to sintering of reactants 
and products .. Thus, reactivity with gases may be considered reduced· 
at certain te1nperatures by the sinterc:d material impeding the ingress 
of the reacting gases or the escape of gaseous products, to or h·om 
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the reaction zones or interfaces. A short survey of the phenomenon 
of sintering is now presented with particular reference to temperature 
conditions in relation to the physical properties of .solids. g.enerally. 
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1. 3 SINTERING OF SOLIDS 
The phenomenon of adhesion of powder particles which occurs at 
elevated temperatures is known as sintering. The ~erm is broadly used.·, 
but always involves a reduction in the specific surface of a solid. 
There are two types of system that may undergo sintering, 
namely:-
(a) homogeneous systems consisting of a single component or 
components which give a continuous series of solid solutions. 
(b) heterogeneous systems consisting of multicomponent systems. 
In the homogeneous sintering of a powder distinctions may be 
made between three overlapping stages .of sintering. Stage one is 
characterized by the formation and growth of bonds, i. e. the contact 
areas between adjacent powder particles. The growth of these 
contact areas takes place during the early stages of sintering, and 
manifests itself by improving the cohesion of the compact. · Stage two 
is where the material is densified and the pore volume reduced. In 
stage three the larger pores remaining within the grains grow at the 
expense of the smaller pores and similarly the larger grains grow at 
the expense of the smaller ones, but the overall density remains· 
practically constant. 
Figure 21 shows the general effect of sbterh1g on the various 
physical properties, e. g. porosity, density etc. 
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Figure 21 1. Porosity 
2 . Density 
I STAGE THREE 
3 . Electrical resistivity (ionic solids) 
4. Strength 
5. Grain Size 
In order to analyse the sintering process one must determine what 
the driving force for the mass transfer is, and also which kind of 
transportation processes determine the kinetics of sintering. The free 
energy of a given amount of a single phase substance will be at a 
minimum when the substance exists as a perfect single crystal. Thus 
the driving force for sintering is the decrease of surface free energy 
which occurs as the surface area of polycrystallille aggregates is 
reduced. Simultaneously, the c1·ystallites will grow in order to 
decrease the interfacial energy of the grain boundaries. If no m.olten 
phase appear s during the sintering process, then compaction occurs 
through mass transport in the solid phase and g rain growth occurs by 
a :rearrangement of lattice atoms at the moving grain boundaries. Well-
known examples_ of thi s type of sintering are the production of sintered 
iron, tungs t en a nd oxide cerarnics. 
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In the porous media, several modes o£ transport are available. 
So long as the pores are connected with one another and change only in 
shape during the first stages of sintering, then evaporation-condensation 
within the pores as well as surface diffusion are possible. In the 
advanced stages of sintering, when the pores are closed, the process 
continues via crystal lattice diffusion, grain boundary diffusion and 
diffusion along dislocations. In these latter stages, the pores become 
filled. This can occur only as a result of mass transfer to the pores 
from a source on an inner or outer surface. If only volume diffusion 
is considered, then this means that the interstitial atoms diffuse into 
the pores or that vacancies diffuse away from the pores, either from 
or to the outer surface, or from or to low or high angle grain 
boundaries and dislocations. 
If we consider a model in which spherical particles of equal 
radius are placed in a close-packed array, we can distinguish the 
three stages of sintering in the sense of limiting cases. 
) ) 
Figure 22 
Stage one, the porosity remains constant,. but the pores assume 
a shape that has the minimum surface a r ea, tha t is, they take on a 
circular cross- section a s shown in Figure 22. This sintering of the 
particles m ay occur by any of the previously mentioned transport paths. 
Dependh1g on which transport path predominates, quite different rate 
laws for the growth of the contact surface betwee:1 spheres will result. 
If " a " is the width o:f the conta ct area, then the rate law over a certain 
time interva l v; ill be of the forn1. x = k tn, where n < l. 
- 42 -
I~ 
In the second stage of sintering, matter is transported from 
grain boundaries and surfaces to the pores. 
grain 
boundary 
Figure 23 
Figure 23 illustrates a case where the porosity is limited and 
the pores are already closed. As the curvature of the inner and outer 
surfaces of the material are different, a chemical potential difference 
exists, which is derived from the surface free energy, from the Gibbs-
Thomson equation under the assumption that ra >> ri 
then ~ pa = 2 
where fa = chemical potential 
Oo = surface free energy 
V m = volume of particle 
r· 1 = radius of po:re 
= radius of sphere of material 
This resultant potential gradient gives rise to a mass transfer 
towards the pore. Both grain boundary, and volume diffusion can 
occur. 
In stage two it is assumed that all pores ar~ intersected by grain 
boundaries. However, not all pores are like this, and Figure 24 shows 
the clisb·ibution of pores found in the third stage of sintering. 
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In this stage, the pores are foillld within the crystallites . From 
Figure 24 it can be seen that the grain boundaries act as vacancy sinks 
{or as sources of atoms or ions), since the pores have completely 
disappeared from the immediate vicinity of the grain boundaries. 
Observations show that the larger pores, within the crystallites, grow 
at the expense of the smaller pores because of the differ ence in chemical 
potentials in the vicinity of the large and small pores_. This l eads to a 
sort of"Ostwald ripening'' of the pores. A similar argument is put 
forward for the growth of grains which occurs in the later stage of 
sintering. Both these processes have little effect upon the overall 
density of the compact. 
The mechanisms for sintering have been dev eloped by m any 
workers, including Hiittig52, Kingery & Berg53, Coble54, Kuczynski55 
and White56, Hiittig 52 conclude d that sintering caused by surface 
diffusion b ecame appreciable above tv t the melting point ( 'K) a nd was 
considerably accelerated by lattice diffusion becoming promine nt a bove 
rv i the melting point; known as the Tammann temperature. Further 
researchers found that generally ion ic solids sintered readily above 
about half of the melting point, but less ionic type solids required a 
higher temperature for sintering. 
Kuczynski 55 was the first to give quantitative evidence of volume 
diffus ion by comparing the observe d time-dependence of neck growth 
with the time-<iependence p r edined for Vis cous flow evaporati on-
condensati on, volnme diffusion a nd surface diffusion. H e showed that in 
each c ase, the ·s intering time, t, to produce a n e ck of radius, x , should 
be given by the expression: 
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(ir = A (T) t am 
where A {T) = a function of only temperature 
a = radius of particle 
n= 2; m= 1 for viscous flow 
n= 3; m= 2 for evaporation condensation 
n= 5; m= 3 for volume diffusion 
n= 7; m= 4 for surface diffusion 
n= 6; m= 6 for grain boundary growth 
Kuczynski1s55 model assumed that the vacancy sinks were 
confined to the particle surfaces and could only account for densification 
53 
as long as the pores remained interconnected. Kingery & Berg showed 
that the observed rates of sintering were too rapid to be accounted for by 
nee~ growth due to volume diffusion and proposed a model where the grain 
boundary existing between two particles is considered to act as the 
vacancy sink. The mass transfer would then pass from the vacancy 
sinks to the neck surface, as indicated by the arrows in F igure 25, and by 
spreading out of material at the neck causes the particles to coalesce. 
Figure 25 
Kuczynski m ode l fo r initial 
sinte ring 
Kingery & Berg model for vacancies 
eliminate d a t g r a in boun da rie s 
Since the oxida t i on of l ead s ulphide wa s expected to d epend 
s i gnificantly on surface area , ba sic ox ida tion studies in the present 
research were m ade on synthe t ic lead sulphide samples of widely 
different p a r t icle s ize, precipitated from s olutions at various pH l evels 
and e l e ctroly te con c entra tion s. 
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1. 4 GENERAL PHENOMENA OF PRECIPITATION FROM SOLUTION 
Precipitation may begin with the formation of embryos, or 
nucleation on impurity particles (seeds) from supersaturated solutions. 
The nuclei grow and form visible crystallites. According to 
Strickland-Constable57 the growth process is sometimes accompanied 
by the formation of new (secondary) nuclei, so that crystallites of two 
or more size groups may be present. The crystallites formed may 
coagulate or form a stable suspension. When the crystallites or the 
coagulated clusters become larger they tend to sediment; this is 
usually the last step of the process. 
L4.1 Supersaturation 
Precipitation will not occur unless the solution is supersaturated. 
A saturated solution may become supersaturated by ten1perature 
fluctuation or by fractionation through evaporation of the solvent. 
With the classical treatment of precipitation one considers 
three processes:- nucleation, growth and ageing. 
1.4. 2 Nucleation 
At a stage after supersaturation has occurred, small crystallites 
are formed. Because small crystallites have a greater equilibrium 
concentration than larger ones they may redissolve. Thus a critical 
size of crystallite has to be surpassed before precipitation can begin. 
This critical size is attained by either homogeneous nucleation or 
heterogene.ous nucleation. 
Homogeneous nucleation 
In a supersaturated solution there are numbers of sub-critical 
associates of crystal-like structure which .are in equilibrium with the 
solution and are known as embryos. A fraction of these embryos may 
attain the critical size for crystallite formation by thermal fluctuation. 
When this happens the embryos will associate and grow, forming the 
new phase. 
Heterogeneous nucleation 
It is quite possible for one cubic centimetre of filtered solution 
to contain many hundred minute foreign bodies. These minute particles 
may act as heterogeneous nuclei for the initiation of precipitation. 
Initially the supP.rsaturated solute is adsorbcd on the surface of the 
foreign particles, the layer formed may be larger than the critical size 
for precipitation and thus crystallites will grow and the new phase is 
. . 
formed. 
Kahlweit58 considered precipitation to be a continuous race 
between the size of the nuclei arid that of the crystallites of the 
precipitate. A coherent treatment of the course of precipitation may 
then be given, where the steady state nucleation theory as well as the 
theory of ageing at low supersaturations appear as limiting cases. 
1.4.3 · Suspension Stability 
Crystallites in· a suspension act on one another by electrostatic 
and dispersion forces. If the crystallites have an appreciable charge 
{sulphides have a negative charge) of the same sign, they will rarely 
collide and if they do they will probably part again. Overbeek59, 
Tezak~ & 60 and Kratohvil~ al 61 show~d that if the charges were 
small the cr:ystallites collide more readily and stick together because 
of the short-range dispersion forces. Substances which neutralize the 
charges on the crystallites, by forming an electrical double layer such 
as oppositely charged ions may induce coagulation. Conversely, other 
substances such as specifically adsorbed ions or ions with high.charge, 
stabilize a suspension. 
1.4.4 Kinetics of Crystal Growth 
The rate of crystal growth _may be controlled by a number of 
factors:- {a) diffusion in the surrounding liquid, {b) convection in the 
liquid, {c) molecular processes at the surface, such as adsorption and 
- surface diffusion. 
{a) Diffusion-controlled growth follows Fick' s diffusion law:-
The concentration gradient in the solution at the surface of a 
sphere of radius r is (c - s) 
r 
and dr =- D v (c - s) 
or r 
where dr. = velocity of growth 
dt 
D - diffusion coefficient 
v = molar volume of precipitating substance 
c = concentration of s·olute in the supersaturated 
solution 
s = solubility 
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The main features of diffusion control is that the rate is 
proportional to the effective concentration (c - s), and is 
inversely proportional to the sphere radius (small particles 
grow faster than larger ones). 
{b) Convection·-controlled growth entails the transport of matter 
to the surface of the growing particle. 
{c) Influences of molecular processes such as surface diffusion 
and adsorption may be very marked on the absolute rate of 
growth, but can probably be represented by a constant factor 
in the above expression. 
L4.5 Growth at the Crystal face 
Growth may follow one of two paths depending on concentration. 
On. the crystal face, very small surface embryos are unstable and 
dissolve at the expense of larger surface nuclei which grow. At low 
supersaturations the surface nucleation is slow, and thus· crystal growth 
is slow, but rapid enough to spread over the crystal face before the 
next surface nucleus is formed. This process is known as mono-
nuclear formation. At higher concentrations there will be many more 
nuclei present and thus several nuclei may be present on the crystal 
face simultaneously. Thus each layer is formed by several nuclei and 
is known as poly-nuclear formation. 
1.4.6 The Ageing Process 
The free energy of a precipitate is proportional to the interfacial 
area; to stabilize a system this energy must be as small as possible. 
This decrease in interfacial area is known as ageing. 
There are various modes in which a precipitate can age: 
{a). r.ecrystallization of primary particles 
{b) transformation of a crystal from a me.tastable modification into 
a stable modification by dissolution and re-precipitation 
(c) aggregation of primary particles followed by sintering 
{d) Ostwald ripening - which probably always occurs with a new 
precipitate. 
1.4.7 Ostwald Ripening 
As smaller crystallites have a higher Gibbs free energy per 
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molecular unit than larger crystallites (due to the larger interface per 
molecular unit), the solubility of small crystallites is greater than the 
solubility of a large crystallite. If a solution is in contact with three 
crystallite sizes and is in equilibrium with the middle size, the small 
crystallites will find the solution undersaturated and dissolve, whilst 
the larger crystallites find it supersaturated and grow. It follows 
that a solution cannot be in equilibrium with a precipitate consisting of 
crystallites of two or more sizes (Todes63, Lifshitz ~~ 64, Klein 
et al 65 , Kahlweit66r 
When a solution is left with a polydisperse precipitate, the 
concentration will sooner or later reach a value of between the 
solubilities of the largest and smallest crystallites, and remain in this 
interval while the small crystallites dissolve and the larger ones grow, 
until ultimately one large crystal remains. 
1.4.8 Precipitation of Sulphides 
With hydrogen sulphide 
In 1908 Knox67 found that an aqueous solution of hydrogen 
sulphide ionizes as a very weak acid. 
In a saturated solution of hydrogen sulphide the following 
equilibria are present:-
and 
H2S r::= H+ + HS-
HS- r:::= H+. + s2 -
Kl = [H±J TJ-rs.:J ~2[1 
K2 = 
[H-l] [523 
Qrs-=:I 
-· 
9.lxlo- 8 -----(1) 
= l.Zxlo- 15 -----(2) 
The very small value of K2 indicates that secondary dissociation 
and consequently [§2] is exceedi:::1gly small. It therefore follows that 
only the p·rimary ionization is of importance, and [}r+J and [Hs"] are 
practicaliy equal in value. 
The saturated solution of hydrogen sulphide at 25°C and one 
atmosphere pressure, is approximately 0. lM and has a pH of ""4. 1. 
By substituting [H+] :.: U-IS-] and 1}!21[] = 0. 1 in equation 1 
we find 
[H+] = [HS:] =J 9.1 x 10-S X l(j=T = 9. 5 X 10- 5 
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Thus the [H+] in saturated hydrogen sulphide water = 9. 5 x 10- 5M 
: pH 4. 002 (Measured value pH = 4. 1). 
As both equilibrium equations must be satisfied simultaneously, 
by substituting the values of [H+] and [HS-] in equation 2 we find: 
9. 5 x 1o-5 [s2J = 1. 2 x 1o-15 
9.5xl0-5 
i.e. [s2] = 1. 2 x lo-15 which is the value for K 2. 
Now if we multiply equations 1 and 2 together, we obtain 
= l.lxlo- 22 
[H2S] = 0. 1 in saturated hydrogen sulphide water 
[?2 ] = 1.1 X 10- 22 X 10-l 
[H+] 2 
[s 2 -] = 1. 1 x 1 o -2 3 
[H+] 2 
-------(3) 
Thus the concentration of the sulphide ion is inversely 
proportional to the square of the hydrogen ion concentration. Thus by 
varying the pH of a solution, the [s 2~ may be controlled; in this way 
separations of metallic sulphides may be effected. 
With sodium sulphide 
In aqueous solution sodium sulphide will be almost entirely 
hydrolysed, and can be represented: 
The week acid hydrogen sulphide will then dissociate as 
described earlier giving 
[s2-J -. K1K2 [H2~ 
[H+] 2 
Table 1 4a 
pH 
Saturated hydrogen sulphide soln. 4.1 
1M HN03 + H2S s oln. 0 
lM NazS soln. 13.9 
~-
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[§2] 
1 X 10-14 
} X }Q-23 
8.9xlo-2 
Table 1. 4a shows the variation of solution pH and [52"] 
The table shows that in an acid solution the sulphl.de ion 
concentration is of the order of 1o-23 moll-1 whereas in 1·molar 
sodium sulphide solution, pH 13.9 it is of the order·lo-1 moll-1. 
Despite the very low sulphide ion concentration in acid solution, there 
is still sufficient to precipitate lead sulphide, due to the low solubility 
product. 
Consider the precipitation of lead sulphide from 1 M lead . 
nitrate in the presence of lM nitric acid (conditions analogous to those 
found at the end of precipitation) with hydrogen sulphide. 
Solubility product for lead sulphide, SPbS = 4 x 10-28, lM nitric 
acid has a pH = 0 . · . [H+] = 1 
[pb2+] = 8 PbS 
["s2-:::J = 
s2-
1. 1 X lo-22 X 10-l 
(1)2 
4 X lo-28 X 1. 
1. 1 X 10-22 X 10-l 
[pb2+J = 3. 64 x l(j-5 M 
from equation 3 
= 3.64x1o- 5 
Thus precipitation will continue until the lead ion concentration 
is reduced to 3. 64 x lo-5 M, i.e. 7. 5 mg of lead will remain 
unprecipitated per litre. 
In the presence of 0. 1 M nitric acid, the lead ion concentration 
would be reduced to 3. 64 x 1o-7M, before precipitation stops. 
With sodium sulphide of pH 13. 9, the sulphide ion concentration 
= 8. 9 x 1o-2 from Table l. 4a 
4 X lQ-28 
8.9xlo-2 
= 4, 5 X 10- 27 
Thus precipitation will continue virtually to completion. 
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1. 5 PRODUCTION OF SINTER FOR THE BLAST FURNACE 
The sinter process serves a two-fold purpose, .namely 
desulphurization and production of a material with suitable physical 
characteristics for introduction to the blast furnace. The term 
sintering, in this context, is defined as the simultaneous 
desulphurization and agglomeration of zinc and lead-bearing material 
to produce a burden suitable for the blast furnace, and a gas suitable 
for the production of sulphuric acid. 
In the sintering process a hot zone moves progressively through 
the sinter bed from bottom to top, the temperature of the solids being 
raised to a level at which ·sintering of the loose agglomerate into a 
strong coherent porous mass occurs. The quality of the sinter produced. 
may be judged by measuring its "hardness", which is defined as the 
ability to withstand plant handling. The handling treatment at 
Avonmouth seems to be best reflected by measuring the "hardness" in 
a rotatjng tumbler. In the test employed a 25 Kg sample of si.nter sized 
-50mm + 12mm is rotated in a drum 406 mm long and 406mm in 
diameter fitted vdth a 50 mm lifter for 93 s. in which time the drum has 
completed 84 revolutions. The percentage of sinter remaining on a -!" 
screen is quoted as the rattle index. For the testing of laboratory 
sinters a small-scale tumbler is used, which has been calibrated 
against the plant tumbler. 
The sinter process may be conveniently divided into four stages, 
na..""Uely:-
1. conditioning of the raw material 
2. mixing the feed for the sinter machine 
3. sintering of this mix 
4. separation of sintered material into "product" and "returns". 
The raw concentrate imported is the product of concentration 
processes such as froth flotation, e. g. Broken rlill zinc concentrate 
on typical ar.alysis contains 52. 7% Zn, 1. Oo/o Pb, 10. Oo/o Fe, 32. 2% S 
etc., whereas Broken Hill lead concentrate analyses to 3. 5% Zn, 
75. So/o Pb, 2. 5% FeO, l:J. 5'1c S etc. 
A good sintedng mix for combined Zn-Pb smelting n~ay consist 
40% Zn; 20% Pb, 7. 5% Fe, 7. 5% Si0 2, 5% CaO <J.nd 2-4% moisture with 
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5% fresh sulphur as fuel, and small proportions of other gangue-forming 
materials such as inagnesia and alumina. Thus to achieve. this desl.red 
analysis, mixtures of the fresh concentrates and sinter returns are 
mathematically formulated. In formulating the mix, allowances are 
made for the loss of the more volatile components during sintering, 
such as lead and lead oxide. 
During sL11tering the feed becomes fritted together and is 
discharged from the machine largely in the lump form. This is 
screened on a bar screen, the undersize provides "returns" and the 
oversize the "product'' for the blast furnace. The sinter quality is 
judged by the sulphur content (ideally <1 o/o) and the rattle index 
(ideally >85). 
During the course of experimental work on the preparation of 
sinters, it became evident that the quality of the sinter was affected by 
variations in its chemical composition. Harris et al 68 studied the 
effects of variation of lead, lime, silica, iron, alumina and magnesia 
on the quality of the sinter. 
The optinmm fuel content in lead- zinc sinter production is 
approximately 5o/o new sulphur in the mix, as determined by Woods & 
Harris 69. The sintering was perforn1ed on the laboratory updraught 
pallet, the technique is described in Chapter 6. 
1.5.1 Effect of Lead, Lime and Silica on Sinter Quality 
Sinter studies were carried out varying the lime and silica with 
lead levels of 20 and 30o/o in the mix, with iron held at 7. 5o/o. The 
results concluded that the total sulphur content of the 30o/o lead sinters 
was higher than at the 20o/o level. The total sulphur content increased 
with both lime and silica additions. There was no difference in the 
rattle index att:ributahle to the change in lead level. The effect of 
increasing. the silica ltvel was to increase the rattle index linearly at 
both lead levels. The rattle index also increased with lime content 
at the lower lead level, the relatiorrship being quadratic and tending to 
flatten at the higher lime levels. At the higher lead level lime has 
little effect. 
1.5.2 Effect of Iron on Sint e1· Quality 
The e.:-..-pe;.·imcnts were pcrforn1cd using zinc concentrates with 
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a low iron content. Iron additions were made in the form of iron· 
sulphate (essentially FeS) in one case and in the:form of iron oxide 
{essentially Fe203) in the other. The lead lime and silica levels were 
held at 15, 8 and 5. 5% respectively. 
From the results it was clear that the rattle index of the sinter 
decreased with increasing iron content, but the effect was ~ore marked 
when the iron was iritroduced in the form of iron oxide. No effect of 
iron was found on either the total sulphur content or on the sulphate 
content of the sinter. · This was in accordance with neither ferric 
sulphate or ferrous sulphate being stable at the sintering temperature. 
1.5.3 Effect of Magnesia on Sinter Quality 
Magnesia is normally a .minor constituent of sinter and has a 
typical level of about 0. 5%. Previous work had shown that small 
variations in magnesia content could have an effect on sinter strength. 
Harris 70 investigated the effect oi magnesia on sintering mixes \vith a 
low gangue content (8. 5% Fe, 3. 8o/o C.aO, 2. 5o/o Si0 2) and a high gangue 
content (7. Oo/o Fe, 7. 5o/o CaO; 5. Oo/o Si0 2}, with lead held at 20% and 
zinc lying between 40-44o/o.· He concluded that increasing the magnesia 
content from 0. 7o/o to 2. 3% was associated with a 1nean reduction in 
rattle index of 20 points at the low gangue level and a 10 point reduction 
at the higher level. 
1.5.4 Effect of alumina on sinter quality 
Alumina, like magnesia, is a relatively minor component of 
zinc··lead sinters, with a typical level of 0. 5o/o. it had been found that 
sinters with the highest rattle index were made at the higher alumina 
levels using ball-clay (impure alumina silicate). Also, sinters with 
low rattle indices have been made at the higher alumina levels using 
alumina (Al2o 3). The effect on the rattle index '.llas clearly 
attributable to the form in which the alumina was added. The probable 
reason for high rattle indices when using ball-clay is that the ball-clay 
is more easily assimilated into glassy material which· binds the sinter 
together. 
F1·om experiments performed along similar lines to that of the 
magnesia, with high and low gangue sinters it was concluded that 
increasing the alumina from 0. 5 to 2. 3% was associated with a mean 
reduction of rattle index of 6.5 points with the lower gangue, pui: no such 
effect with the higher gangue siaters. 
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1. 6 AIMS OF THE RESEARCH 
The research comprises a physicochemical study of the roasting 
and sintering processes for lead sulphide. Conditions under which the 
sulphide is oxidized to oxide, basic sulphate and sulphate a.re to be studied 
to determine the relative effect of time of heating and composition of the 
surrounding atmosphere. To elucidate the mechanisms and kinetics of 
the oxidation process, information is also required about the surface 
area, crystallinity and crystallite sizes of the materials and the i11.fluence 
of any impurities. 
The results of previous researchers, especially at lower 
temperatures, on the oxidation of lead sulphide are not consistent with 
h Th d . k 22, 19 h . . . 1 "d . one anot er. us, accor mg to some wor ers t e 1n1t1a ox1 ahon 
prodl.tct is lead sulphate followed by monobasic lead sulphate. However, 
23, 17 
other workers report the formation of basic sulphate initially and 
lead sulphate later. 
Accordingly, oxidation studies on lead sulphide are to be 
undertaken to provide further information whicq might also resolve the 
above inconsistency. Since the reactivity of the material is governed by 
its particle size, more active samples of lead sulphide are to be 
prepared by precipitation from aqueous solution. Therefore, the 
precipitation conditions, e. g. pH, temperature, concentratior" of reagents 
and time of ageing will be adjusted to obtain lead sulphide with suitable 
variations in crystallinity and crystallite size, as previously carried out 
with zinc sulphide 85 
From the early stages of the present research it was observed 
that lead sulphate is produced at a lower temperature than that reported 
by other investigators. Previous work had shown that calcium sulphite 
is an intermediate in the oxidation of calcium sulphide to sulphate.· Thus, 
in the p:re£;cnt rcsea2·ch the thermal stability of lead and zinc sulphites are 
to be investigated. 
,. 
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Oxidation studiec will be further extended to the industrial 
processing of lead-zinc ores~ Hence, the effects of moisture and 
bentonite on the sintering of the lead- zinc mixes are ~o be studied at 
Imperial Smelting Processes Limited, Avonmouth, the industrial · 
sponsors of the project. 
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CHAPTER 2 
EXPERIMENTAL TECHNIQUES 
2. 1 THERMAL ANALYSIS 
Thermal analysis may be defined as those techniques in which 
some physical parameter of a system is determined as a function of 
temperature. The two thermo-analytical techniques used in the study 
of the oxidation of lead sulphide and thermal decomposition of related 
sulphides were thermogravimetry, TG, and differential thermal 
analysis, DT A. 
2 .. 1.1 Thermogravilnet1·y 
Thermogravimetry is an analytical technique where the change 
in .mass of a sarnple is recorded as a function of temperature or time. 
Thermogravimetry may be performed j,n one of three modes, namely:-
(a} isothermal or static where the sample mass is recorded as a 
function of time at a constant te·mperature 
(b) quasi-static where the sample is heated to a con;;tant mass at 
each of a series of temperatures 
(c) dynamic where the sample is heated at a linear rate. 
The resulting mass change versus temperature or time curve 
can provide information concerning the thermal stability of a compound, 
e. g. dehydration (of salts}, decomposition, dissociation, 
disproportionation, oxidation etc. 
Isothermal thermogravimetry has been widely used to study the 
kinetics of thermal decompositions. The basis for the calculation of 
kinetic data from isothermal therm.ograrns is the general equation:-
where 
dX 
dt 
-------------(1) 
X = sample n1ass 
n = order of reaction 
];. - rate constant 
The te1nperature dependence of the rate constant, k, is given by the 
Arrhenius equation:-
k = P._e 
•• 1<' 
~/R'f 
-------------'(2) 
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where 
From 1 and 2 
- dX 
dt 
A = pre-exponential factor 
E = activation energy 
-E/RT 
= Ae . xn 
For a decomposition Newkirk72 obtained rate constants from 
thermograms by taking a series of temperatures T1, T2, T 3 etc., 
corresponding to the -amount of sample remaining (a- x1), (a-: x 2), 
(a - x 3) etc. The reaction rates were obtained by taking tangents to 
the curve (dx/dth, (dx/dt) 2, (dx/dt)3 etc. If the decomposition is first 
order (i.e. n = 1 in equation 1) then the logarithm of the reaction 
constant, k, (dx/ dt = k (a - x)) ~hen plotted against 11 T should yield a 
straight line. 
Coats & Redfern73 derived an expression where the activation 
energy could be found from dynamic thermograms which has the 
advantage that only one sample is needed. From the thermogram, the 
fraction of sample decomposed, o<. , is measured; by using the 
expression:-
log ~1- (1- O(t-11 _ AR [ l 2RTl L TZ(l - n) J - log aE - E 
[1-(1-oc)~ . ·1 ..J log T 2 (1 n) J agamst T 
2. 303 RT 
and plotting 
or where n =·1, log [ ln Vz- c< j against ~ 
-E 
should result in a straight line of' slope 2 . 303RT for the correct 
value of n. The limitation of this method is that the order of the 
reaction, n, rnust be known. 
2.1.2 Differential Thermal Analysis 
A typical differential ther:nal analysis, DT A, apparatus is 
illustrated schematically in Figure 26. The apparatus consists of a 
furnace (A), furnace temperature controller (B), microvolt D C 
amplifier (C), differer,tial temperature" detector (D), . sample holder (E), 
and chart recorder (F). 
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Figure 26 Schematic diagram of a typical DTA apparatus 
Differential thermal analysis is a thermal technique where the 
temperature of the sarnple is ~ompared wi.th the tempera turc of a 
thermally inert material (reference). The difference in temperature 
is recorded as the san1ple and reference are heated or cooled at a 
uniform rate. T emperature changes in the sample are caused by 
exothermic or endothermic enthalpic transitions or reactiona, such as 
those arising from phase changes , fusion, crystalline structure 
inversions, dehydrations, dis sociation or dec01~position reactions and 
oxidation and reduction reactions . Any temperature difference 
between sample and reference is monitored by two thermocouples 
differentially coupled. 
The output trace is a record of t emperature difference between 
sample and reference against the temperature of the r eference. 
The nw11ber, shape and position of the various endotherrnic and 
exothermic peaks \vi.th 1:eference to the ternperature m.ay be used as a 
means of 'iualita tive identification of the substance under ir:.vestigation. 
The area under the peak is proportional to the heat change involved and 
m a y be used for quantita tive determinations of heats of reaction, after 
suitable calibration. 
The heat of transition (or reaction) may be expressed very 
simply:- L:.H.m = KA 
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where ~H = heat of transition 
m = mass of reactive sample 
K = calibration coefficient 
A = curve peak area 
The_ calibration coefficient is related to the geometry and thermal 
conductivity of the sample holder and is usually'"determined by 
calibration with compounds of known heats of transition. As the 
calibration coefficient depends on the temperature and atmosphere 
present, a series of substances of known heats of transition at a range 
of temperatures must be used and a calibration graph plotted. 
2.1.3 The Massflow Thermal Balance 
The equipment employed to study the oxidation of lead sulphide 
and the thermal decomposition of related sulphites was a Stanton-
Redcroft Massflow Thermobalance Model MF-HS. 
Plate 1 shows the apparatus used together with the sulphur 
dioxide determination equipment. 
The balance chamber was a 10- gauge copper tube 17 8 mm 
diameter, silver brazed and epoxy-resin coated with doors 10 mm 
thick sealed with"O" rings. A water-cooled silicone "0" ring seals 
the mullite r_eaction tube to the chamber. There are four gas entry or 
outlet ports, two to the reaction tube and two to the main balance 
chamber, all fitted· with valves. 
The thermobalance design incorporates two beams, one inside 
the chamber and the other outside, the two being coupled by a magnetic 
link. Changes ill weight occurring on the inner beam are transferred 
to the outer beam, detected electronically and indicated by an arm 
with a full- beam deflection of 20 mg and sensitivity of 0. 2mg. 
Automatic electric weight loading increases the range of the 
instrument to the equivalent of ten full beam deflections of gain or loss 
without_a decrease in sensitivity. This enables weight gains or losses 
of up to 200 mg to be followed. 
During operation the balance automatically arrests and releases 
itself every 5 min to check that it is not sticking and t.o improve the 
sensitivity with very small weight changes. 
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Plate 1 Stanton-Redcroft Massflow balance with ancillary equipment 
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When the thermobalance is used with the DTA·attachment, the 
sample holder consists of an alumina block 20 mm diameter and 13 mm 
in depth with two wells each 6.5 mm diameter .and 10 mm in depth lo 
take the crucibles. The alumina head is coupled to the internal balanc.e 
by alumina and silica rods joined by an aluminium chuck (Figure 27). 
When the DTA attachment is not utilized, the head may be replaced 
with an alumina pedestal on which crucibles can be placed for 
thermogravirnetric work. 
With the DT A attachment, the sample is heated along side a 
thermally-inert reference material ( 0( -alumina). · Two Pt /13o/o Rh.· 
Pt thermocouples are employed to de.tect the temperature difference 
between sample and reference. The signal from the thermocouples is 
passed from the alumina head down the inside of the alumina and silica 
rods to the outside by 0. 025 mm compensated platinum wires, which 
have a very small damping effect on the balance. Further compensated 
leads are employed to connect the signal with the DC amplifier and 
constant-reference-temperature ice- bath. The DC amplifier has 
seven pre-set ranges from 20-1000 p.V; normally the lOO }JV sensitivity 
setting is used. A single channel Leeds Northrup Speedomax W chart 
recorder is used with a switching unit enabling the differential output 
to be recorded for 4 min 55 s and then the temperature recorded for 
5 s. 
Two matched (0. 8g) platinum crucibles with dimples are used 
to contain the sample and reference rnaterial. The crucibles are 
placed in the 6. 5 mm wells of the alumina head with the thermocouples 
sitting in the dimples and are thus surrounded by the sample. This 
leads to high sensitivity for the differential thermal output. Silica 
crucibles were also employed, but these are limited in temperature 
. range due to reaction with alumina abov~ 1000°C. 
With the four gas entry and exit points as shown in Figure 27, 
it "is possible to keep a nitrogen atmosphere in the balance chamber 
and pass air cvr..taining corrosive gases over the sample. By means 
of the vacuum attachment, the system can be easily flushed out and 
known atn":.osphercs introduced. The air and gases used were all 
obtained from press·urized cylinders having pressure and flow 
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F i gure 27. 
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--Mullite sheath 
:r'hermocouple 
Al umina head 
Gas entry/ exit 
point 
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i-Hbi---+1--------Gas mixing 
Balance chamber 
c:::::::J 
To d iffusior.. 
pump 
1 
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Magnetic valv e 
~gas entry port 
Gas circuit of the Stanton-R.cdc:;-oft .ttas sflow Bala nc e MF-H5 
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regulators, with the gas flow entering the balance monitored by a 
rotameter. 
The vacuum equipment consists of a single-stage rotary and 
diffusion pump with Pirani and Penning gauges. The rotary pump 
enabling the pressure to be reduced to 10-l - 10- 2 mm Hg.(l3-l. 3 Pa), 
arid with the diffusion pump to< lo-4 mm Hg.( <0. 013 Pa). 
The platinum-rhodium bifilar wound furnace has a 50 mm bore 
and is closed at the top with a 100 mm deep alumina plug filled with o(-
alumina powder. The ma..ximum temperature at which the furnace could 
be used was 1350°C. · 
The temperature is controlled by a Stanton-Redcroft Eurotherm 
temperature controller Vlith the sensing Pt/ 13% Rh.Pt thermocouple 
trapped between the mullite reaction tube and the furnace wall. The 
controller enables the heating rate to be continuously varied from 
l-20°C min-1 with the maximum temperature pre-s~lected and 
subsequently held constant indefinitely (isothermal conditions). 
Initially, a set of calibration curves were recorded to determine 
the buoyancy corrections for the thermogravimet:ric work and the base-
line for the differential thermal studies. This was done by using the 
standard reference material in both the sample and reference crucibles 
and a heating rate of 5°C min-1 .. Hence the buoyancy correction curve 
·and differential thermal base-line were obtained up to 1050°C. This 
procedure was repeated with the appropriate gas atmospheres and flow 
rates. These correction curves were then applied to the experimental 
results. 
2.1.4 Determination of Sulphur Dioxide 
The apparatus_ 
A Leco74 .sulphur det<!l'nlinator was used to monitor the sulphur 
dioxide given oif in the therrnal decomposition experiments and some 
of the oxidation s cuciies. The output gases from the massflow balance 
were passed through a cell containing potassium iodate, excess 
potassium iodide with i1ydrochloric acid and starch as indicator. The 
iodine released gi·.res the solut:im~ a blue colour with starch, the blue 
intensity being·mtasured by a la.mp and photocell with a current meter. 
The sulphur dioxide is oxidized by the iodine to sulphur trioxide a!ld 
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enters solution as sulphuric acid. · 
KI0 3 + SKI + 6HC1 
SOz + Iz + zH2o 
Procedure 
6 KCl + 3Hz0 + 3Iz 
H2S04 + ZHI 
The standardized potassium iodate was put in the burette, the 
potassium iodide, hydrochloric acid and starch were placed in the 
titration cell. A small aliquot of potassium iodate was added from the 
burette; with no sulphur dioxide in the gases passing through the 
titration cell, a constant reading was obtained on the meter. This 
reading was taken as the zero reading. Another aliquot of potassium 
iodate was added, its voluzne· recorded and the sulphur dioxide in the 
gas determined when the meter· reading returned to the zero. The 
sensitivity of detection of sulphur dioxide ·could be varied by changing 
the concentration of potassium iodate or the size of the aliquot added. 
The system was self-mixing by the action of the gases bubbling through 
the titration cell. 
Finally, the values of the potassit:m iodate added were converted 
to milligrams of sulphur dioxide. The amount of sulphur dioxide could 
be plotted against temperature from the DTA record, since the time lag 
between the evolution and determination of sulphur dioxide was small 
because of the high gas velocity employed (1 lmin-1). 
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Z. Z GAS SORPTION 
When a highly disperse solid is exposed in a closed space to a 
gas or vapour at a definite pressure, the solid begins to adsorb the gas. 
The adsorption is a consequence of the forces of attraction emanating 
from the solid which are of two types viz., physical and chemical, giving 
rise to physical ("Vander Waals") adsorption and chemisorption. The 
amount of gas adsorbed on a solid depends upon the pressure, p, 
temperature, T, nature of gas and nature of solid. 
i.e. x = f (p, T, gas, solid) 
where x is the amount of gas adsorbed, usually e::...-pressed in grams 
of adsorbate per gram of adsorbent: When the adsorbate is below its 
critical temperature, the form:-
x = f (Pfpo)T, gas, solid 
is 1nore useful, where p 0 is the saturated vapour pressure of the . 
adsorbate at T K. 
The majority of adsorption isotherms resulting irom physical 
adsorption may be grouped for convenience into five classes - the five 
types of clas si.fication originally proposed by Brunauer, Deming, 
Deming &: Teller75 (BDDT), nowadays commonly known as the Brunauer, 
Emmett·& Teller76 (BET) classification. The five types are illustrated 
in Figure 28. Type 4 possesses a hysteresis loop (dotted line), where 
the lower branch represents progressive addition of vapour to the system 
and the upper branch represents progressive withdrawal. It is now 
possible to use isotherms of Typ~ 2 and 4 to calculate specific surface, 
and use 'l'yp~ 4 isotherms for making an estimate of pore size 
distribution. 
From the adsorption isotherm, the problem is to calculate the 
monolayer capacity of the adsorbent by mathematical methods or 
otherwise. The monolayer capacity is defined as the quantity of 
adsorbate whicl-1 can be accornmodated.in a completely filled single 
layer of molecules on the adsorbent surface; the specific surface, 
S (m 2g-l), is directly proportional to the monolayer capacity, given by 
the relationship:-
S = Xm N . Am M-
-----------(1) 
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Figure 28. The five types of adsorption isotherm in the B E T 
classification. 
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where xm = monolayer capacity in gra1ns adsorbate per 
gram· of solid 
M = molecular weight of adsorbate 
Am = area occupied per molecule of adsorbate 
N =Avogadro's number 
A number of theories have been proposed for the interpretation 
of adsorption isotherms. Brunauer, Emmett & Teller 7 6 approached 
the problem of adsorption kinetically, focus sing their attention on the 
interchange of adsorbate molecules between the gas phase and adsorbed 
layer. The results of their efforts yielded the BET equation:-
p 
x(po- p) = 
c - 1 . 
X C 
m 
E. + 1 -----'------(2) 
Po xmC 
where xm = monolayer capacity 
C = constant dependent on the heat of adsorption 
of the first laye:r of adsorbate, E, and the latent heat of vaporization 
of the adsorbate, L. Thus C = e (E1-L1RT (simplifi~d e»:pres~ion) 
may be used in theory to calculate the net heat of adsorption, but 
because of the over simplification of the model the values obtained are 
of limited validity. 
- ' 
Although the BET equation is an over simplifica_tion of the,; 
equilibrium involved, it has proved remarkably successful in the-
calculation of specific surface from Type 2 isotherms. 
2.2.1 Assumptions made with the BET Model 
The BET model assumes that all adsorption sites are exactly 
equivalent (the surface is energetically uniform), but there is evidence 
from variations of heats of adsorption with coverage, that this is not 
the case. The model neglects horizontal interactions between the · 
molecules within the adsorbed layer, and only takes into account the 
vertical attractions; also mobility in the adsorbed layer is neglected. 
2.2.2 Determination of Surface Area and Particle Size 
By plotting p 
c - 1 and intercept 
against p 
.Po 
is obtained. 
a straight line of slope 
Elimination of C from 
the equathms yields the 1nonolayer capacity, xn1• and from equation 
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(1) the specific surface, S. 
If the specific surface is known then the average crystallite 
diameter, d, may be found. Assuming all the crystallites to the 
spherical· then:-
= 
6 
f d. 
where n is the number of crystallites per gram 
f is the density of the solid 
If the crystallites are cubes of side length d, then:-
s = = 
Other relationships may be derived for plate and needle- shaped 
crystallites. 
2.2.3 The Apparatus 
Plate 2 shows the apparatus used. The sorption balance was 
designed and constructed for the determination of surface areas within 
the range 0. 2 rn2g-l to 1000 rn 2g-l using samples of 0. 25 g. The 
·balance head used was a "Cl rnicroforce balance Mark ·2B" rnark~ted 
by CI Electronics Lirnited77 with five weight ranges, 0-25 pg to . 
0-100 rng with sensitivities of 1 x lo-7g and 5 x lo-4g respectively. 
The sample was placed in an aluminium foil bucket suspended 
from the balance with a fine pyrex fibre {27 ern long). This enabled 
the sample to be at least 15 ern below the level of the liquid nit:::ogen, 
keeping the ternperatU:re to within ~ 0. 1 °C as previously determined 
by Glasson 78 . In practice, the sample is about .1 ° warmer than the 
liquid nitrogen outside the balance limb (as determined by Glasson 7 9 
using inter-nal and external thermocouples). 
A perspex counterweight was employed to reduce the buoyancy 
effect to within 2 fg at 760 mm Hg.(l01325 Pa) pressure, when using 
a 250 rng sample of lead sulphide. The balance head was coupled by 
taps and glass tubing to a two-~tage rotary pump {enabling the pressure 
to be reduced to lo-3·Torr). and to a nitrogen reservoir and gauges, 
the nitrogen pressure being n>easured by a mercury manometer. 
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Plate 2 Sorption balance 
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2.2.4 Procedure 
0. 25 g samples were taken and mounted on the bala..Tlce, the whole 
system was evacuated and the sample degassed by heating to 150°C for 
20 min. . After allowing to cool to room temperature, the balance was 
zeroed on range 2 (0-250 pg), the balance limb containing the sample 
immersed in liquid nitrogen. A pressure of 30-50 mm Hg.(4000-6670 
Pa) of nitrogen was introduced and the system allowed to attain 
equilibrium (......, 30 min), when the nitrogen pressure and uptake were 
recorde<i. Six readings were taken; with the final nitrogen pressure 
""'220-230 mm Hg (29300-30700 Pa). Weight corrections for buoyancy 
effects of the sample, container and suspension were applied to the 
uptake readings. The surface areas were determined by the BET 
method, as previously described. 
- 7). .. 
2. 3 X-RAY DIFFRACTION 
A comprehensive survey of the theory and practice of X-ray 
diff . . . b p . 180 ractlon lS g1ven y e1ser et~ 
2.3.1 Theory 
Crystals consist of regular three-dimensional arrays of atoms 
in space. Points which have identical surroundings withi...."l a structure 
are known as lattice points. A collection of lattice points form a 
crystal lattice; when adjacent lattice points are joined together a unit 
cell is obtained. This is the smallest convenient repeating unit of the 
structure. In general the unit cell is a parallelepiped, but in some 
cases depending on the symmetry of the crystal, it may have a more 
regular shape, e. g. in the extreme case,. a cube. 
The size and shape of a unit cell can be described by the lengths 
of its three edges ~ • .!?_, .£} and the angles between them (~, -~-' _L), 
i.e. the angle between E. and E_ being~- Crystals can be classified 
into seven crystal systems according to their symm.etry which are 
summarized in Table 2. 3a. 
Various sets of parallel planes may be drawn through the lattice 
points. Each set of planes can be completely described by three 
intergers (!!, b _!), the Miller indices, corresponding to the three axes 
(~, .!?_, E.) respectively. Index.!! is the reciprocal of the fractional value 
of the intercept made by the set of planes on the~ axis etc. 
As the dimensions of a crystal lattice are of the same order of 
magnitude as the X-ray wavelength employed, the lattice behaves as a 
three-dimensional diffraction grating. 
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Table 2 3a 
Crystal system Conditions limiting cell dimensions Minimum Symmetry 
Cubic 
Trigonal 
Tetragonal 
Hexagonal 
Orthorhombic 
Monoclinic 
Triclinic 
a= b = c 
a= b = c 
a=b#c 
a=b'f.c 
a 'f. b f. c 
a#b#c 
0( = f3 = ~ = 90° Four three-fold axes 
ot. = p = ~'f. 90° 
0(. = p = 't = 90 ° 
oc= ~=90°,'l\'=l20° 
(l(. = p = 't =90° 
One three-fold axis 
One four-fold axis 
One six-fold axis 
Two perpendicular two-
fold axes or two 
perpendicular planes of 
symmetry 
One two-fold axis or 
(nne pl=e of •ymmetry)l 
None 
The diffraction is governed by Bragg's Law:-
2 d sin e = n .A 
where ). = X-ray wavelength 
n = order, in X-ray diffraction= l 
d = interplanar spacing 
e = angle of diffraction 
d is related to the unit cell dimensions by the Miller • .J • Hlulces. 
The intensity and distribution of the diffracted b€ams with 
respect to the Bragg angle is characteristic of a particular structure 
and may be used to identify the phases present. Diffraction patterns 
for the majority of crystalline compounds are listed in the A. S T. M 
tables. 
2.3.2 X-ray Line-broadening 
X-ray line-broadening always occurs due to instrumental factors 
such as specimen size, beam divel·gcnce etc. Combined ·,vith this there 
may ·be intrinsic broadening due to crystallite size, and/ or crystal 
lattice strain. Crystals> 200 nm in size contain numerous parallel 
planes, where the inter atomic distance is constant .giving a sharp 
diffraction maximum. With smaller crystallites the number of atomic 
planes per crystallite is less, and a small deviation from the ideal 
leads to line-broadening of the diffraction peaks. 
Line- broadening due to cubic crys tallites may be express c:d by 
the equation :-
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c>.. (1) d cos (ie) 
where c = constant 
)., 
= X-ray wavelength 
d = edge length of the crystallites 
e = Bragg angle (measured in terms of 2 e) 
Bt = broadening 
This equation was agreed upon by Scherrer81, Bragg82 & 
Seljakow83 ,from ~eh .it can be shown that line- broadening is negligible 
' -4 ' 
if d ;;l:-10 cm • 
. The constant, C, has previously been assigned values 0. 94, 0. 89, 
and 0. 92 by Scherrer81 , Bragg82 & Seljakow83 respectively,. but since 
the crystallite sizes vary little significance is attached to these values. 
and for con'.'enience it is made equal to unity. This method can only 
be expected to achieve an overall accuracy of 20o/o. 
2.3.3 Calculation of Intrinsic Broadening 
A single calcite crystal is used as a standard to determine the· 
instrumental broadening, Bo. 
The Jon~s84 method (1938) was employed to calculate the averCI.ge 
crystallite size; this method ·assumes 2. Gaussian distribution of 
crystallites. 
Copper K eX. radiation was employed; this is composed of a 
doublet with a finite breadth, z, which is calculated from the expression:-
z = :~· '-.\o<. 2 - Aoc: 1] .tan .eav l Aav ] 
where ).oc: 1 =·wavelength of Ko(l component 
).0(2 = wavelength of K<X 2 component 
).. av = average wavelength 
.= C tan 9 
9 = angle of calcite diffraction peak used 
C - constant (0. 285 for copper K ex radiation) 
Using the Jones84 correction curve (Figu:::e 29) of b/Bo against 
z/Bo a corrected line breadth, b, for the Ko< -doublet is obtained, 
where Bo is the mcasared hali-pcak breadtl~ of the calcite diffraction 
- H-
Figure 29. The Jones correction curves . 
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1! 0 
0 
peak after subtraction of the background radiation. 
A further correction for instrumental .broadening is applied by 
the curve Bt / B against b/B, (Figure 29) where B t is the true diffraction 
breadth, b is the _corrected diffraction breadth for calcite ·and B is the 
measured half-peak breadth of the specimen. 
Hence, the crystallite size is calculated fron1 equation 1. 
i.e. d = 
2.3.4 The Eou:ipment 
The Hilger and Watts X-ray generator used was fitted with a 
Philips X- ray tube and copper target. Voltage and current wei"e set at 
40 kV and 20 mA respectively. The X- rays generated were filtered with 
a nickel foil to reduce the K f3 co.mponent and passed through a 
collimator ar.d slits· before impinging on the sample mounted vertically 
at the cent::e of the 50 cm Berthold diffraction table. The diffracted 
X-rays were detected by a gas-filled proportional counter connected to 
a discriminator/ raterneter and Er,raf-Nonius chart recorder. 
2.3.5 Procedure 
--- -
The table was aligned and calib:rated with a single calcite 
crystal. 
S2.mples were prep:ued by mixing the powdered :material with 
acetone and a drop of adhesive 'Durofix'. The suspension was poured 
on to a n1icroscope cover slip and the acetone allowed to evaporate 
leaving the sample adhering to :·he slip. 
For phase composition a:1.alysis the table was rotated at~ degree 
per mi.nute, and the chart paper at 60 cm per hour; this gave a trace 
of the intensity of diffracted ra.diation against Bragg angle in degrees, 
with a spacing of 3 cm per degree. To achieve a smooth trace the 
tirnc constant chosen was 3 seconds. 
For line-broadening n1easuremcnt.s the table was re-calibrated, 
and the slits retluced to a rn.inimum to decrease the effect of 
instrumental broadening, whilst keeping the diffracted radiation 
sufficiently strcng. The table was rotated at 1/10 degree per minute 
and the select.od peak scanned with a time constant of 3 sec. 
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2. 4 TRANSMISSION ELECTRON MICROSCOPY 
2.4.1 Principle 
De Broglie in 1924 discovered the principle pf wave and particle 
duality, and established the relationship:-
h 
mu 
----------------{1) 
The energy given to an electron accelerated through a potential 
difference of V volts = eV ------------(2) 
which is equivalent to the kinetic energy·} mu2·--------{3) 
From 2 and 3 mu = j2 meV 
By substitution in 1 the wavelength can be determined. 
where m = mass of electron (relativistica.lly corrected) 
u = velocity of electrons 
e = electronic charge 
V = accelerating voltage 
h = Planck' s constant 
), = wavelength 
Due to the high velocities attained by the electrons, relativistic 
corrections are necessary. 
The wavelength of electrons accelerated by a potential difference 
of 80 kV is 0. 0043 nm (4. 3 pm). 
An electron microscope, like an optical microscope, is employed 
to provide enlarged images of small objects and the detail shown 
ultimately depends upon the resolving power of the instrument. The 
lirnit of resolution is controlled by the wavelength of radiation employed. 
In optical microscopy, 200 nm, is the theoretical limit but with electron 
microscopy it is ~"V lpm. In practice the resolving power is much. 
lower due to lens aberrations caused by:- mechanical asymmetry, 
magnetic inhom.ogencities and deposits on the lens surfaces. 
Nevertheless, resolving powers down to 0. 1 nm are attainable with 
present instruments. 
Figu::e 30 is a schematic diagr<:lm of the Philips EM 300 
microscope and the. follO\ving dcsc:ciptions apply to this instrument. 
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Figure 30. Philips E. M, 300 Electron Microscope 
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2.4.2 The Equipment 
The gun provides a beam of electrons and is composed of a 
hairpin tungsten filament enclosed by a Wehnelt cylinder. The electrons 
are acc.:elerated by a high. voltage through a hole in the Wehnelt cylinder 
which is negatively biased to converge the beam to a diminished virtual 
image of the filament a short distance in front of the filament. The 
beam current is controlled by varying the bias voltage applied to the 
Wehnelt cylinder (Emission control). 
Lens (1) focus ses the diminished virtual image of the electron 
source, to a greater extent than that produced by the Wehnelt cylinder. 
Lens (2) focusses the beam in the specimen plane. Usually the first 
lens is operated at constant current, and the current varied in the 
second lens changing the focal length and thus the area of illUlnination. 
To minimize spherical aberrations, the objective l~ns must be 
operated with small acceptance angles (lo- 2 - lo-3 rad. ); this is 
achieved by placing an aperture in the beam in front of the lens. This 
·lens determines the ultimate resolving power of the iri.strument and 
produces a real image of the specimen, which is further magnified by 
the projector lens syste·m. 
The three lenses give a wider range of distortion-free 
magnification than is possible with one. Usually the intermediate lens 
is kept under constant current conditions for low magnification work 
( < J. 000 X) and the projector lens current varied; for higher 
n1agnifications vice versa. The third lens, the diffraction lens, enables 
variations to be made inthe magnification of the specimen area selected 
for electron diffraction without needing to adjust the objective lens which 
has been used to focus the specimen. 
An electromagnetic lens invariably suffers from astigmatism, 
due to asymmetry of the magnetic field strength about the lens axis 
caused by foreign. bodies deposited on the pole pieces and electrostatic 
charging. To counteract these effects, stigmators are used in 
conjunction '>vith the condenser and objective lenses. 
Astigmatic conditions of the objective lens are checked by 
observing Fi·csncl interference fring~s seen around a sn1all object 
at high magnification, if the lens is astigmatic the fringe is not even. 
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To correct this the objective stigmators ar·e used. 
Condenser lens astigmatism is checked by focussing the 
condenser so that a bright spot is seen; if the spot does not e:x-pand 
symmetrically when the condenser is defocussed the illumination system 
is astigmatic, and the condenser stigmator is used to correct it. 
2.4.3 Procedure 
The samples were prepared as in Section 2.4. 7. The specimen 
grid was. mounted in the holder and introduced to the micros.cope through 
the objective lens. A voltage of 80 kV was selected and the filament 
adjusted to saturation current. After alignment of the beam and 
correction for condenser lens astigmatism, the scanning mode was 
selected and the grid scanned for a suitable section of specimen. When 
found, the instrument was set to the magnification mode and the 
appropriate magnification factor selected. The image was then 
carefully focus sed and photographed after adjusting the illumination 
and exposure time. Both ;t" by 4" plates and 35 mm film were 
employed to record the images. 
2.4.4 Electron Diffraction 
The principle of electron diffraction is alm.ost the same as X-ray 
diffraction, the difference being the strong scattering of the incident 
electrons by' the a~oms due to the electrical charge of the electron. 
Thus, the depth of penetration is small and only thin crystals (< 30 nm) 
may be used. As with X-ray diffraction, electron diffraction of single 
crystals gives an array of points and with polycrystalline material, a 
set of concentric rings. 
When used in conjunction with the hot- stage holdel' analysis of 
the products, when crystalline, can be made in situ by electron 
diffraction at the series of reaction temperatures chosen. 
2.4.5 Hot-sta.ge Electron Microscopv 
The hot-stage holder was used to study sintering and thermal 
decomposition of related sulphites. 
The general form of the Philips PW6550 heating holder is 
similar to that of other holders for the goniometer except that the 
saxnple is .::lamped to a small furnace element. The element is 
insulated from the rest of the holde:· by three zirconium oxide spheres. 
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A thermocouple is welded to the furnace and is used to monitor the 
temperature. The temperature control unit contains the current s·upplies 
for the heater and the circuitry necessary to measure the voltage 
generated by the thermocouple. 
Palladium specimen grids with carbon films were employed 
wit!~ the samples (preparation described in Section 2.4.8). The grid is 
mounted between conduction rings in the holder and held in position by 
a spring clip. Before use, the conduction rings were cleaned in an 
ultrasonic bath to re.duce the risk of welding the grid to the furnace. 
By adjusting the voltage and current controls carefully, the specimen 
is raised to the desired temperatur~ and held. 
temperature of the furnace is 1000°C . 
. 2.4:.6 Formvar Film Preparation 
The maximum permissible 
A 0. 25o/o solution of Formvar (polyvinyl formol plastic) in 
chloroform was prepared. A clean glass microscope slide was dipped 
in _the solution, the excess removed and the slide allowed to dry. · -. :yihim 
dry, the edges of the film were scored and the filln floated off by ~ ·. 
"frosting" the slide and slowly dipping in a bowl of distilled water. at an 
angle of 45°. 
3 mm-copper grids were laid upon the floating film with their· 
smooth faces touching the film.. The fihn with the grids is removed · 
from the water surface by careft:.lly placing a piece of paper on the··-
film, lifting an:d inverting the paper and allowing to dry. The grids, 
for use, were mounted in a cylindrical holder and the sample applied 
as below (2.4. 7). 
2.4. 7 Sample Preparation. 
Precipitated samples of lead sulphide were prepared for 
examination by suspending the sample in a little acetone and placing in 
an ultrasonic dispersion unit for 5 min , this breaks down the 
aggregates. A small dropper-tube was used to transfer a drop of the 
sha.ken suspension to a prepared 3 m1n-copper grid with 100 pm mesh, 
where the acetone w?.s allowed to evaporate at roon1 temperature. 
2.4.8 Carbon Film Preparation 
Carbon films of approximately 20 n.m thickness were deposited 
on freshly-cleaned mica by striking an electric arc, in about ten bursts 
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of 2-3 second duration between two pure carbon electrodes in an 
"Edwards 306 Vacuum Coating Unit". Prior to deposition, the mica 
was breathed upon to prevent perfect adhesion of the carbon film. The 
film was separated from the mica by trimming around and slowly 
dipping into distilled water at an angle of 45°, allowing the action of 
surface tension to remove the film. A section of the floating fiL-n was 
removed by a palladi"4m grid held with tweezers, transferred to a 
vertical cylindrical holder and held in position with an open- ended cap. 
The specimens were ·prepared as previously described, and deposited 
on the prepared grid. · 
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2. 5 SCANNING ELECTRON MICROSCOPY 
Scanning electron microscopy may be used in a. number of modes 
to provide enlarged three-dimensional images relating to various 
properties .of a specimen, e. g. surface topography, elemental 
composition and surface voltage. The formation of these different 
types of image is largely dependent upon the type of signal produced 
during the electron-probe scan,. e. g. light, X-rays or secondary 
electrons, and used to modulate the intensity of brightness of a cathode 
ray tube. 
Physically a scanning electron microscope consists of three 
main sections:-
(a) electron-optical column 
(b) operating and display console 
(c) stabilized power supplies 
The three sections are outlined in the schematic diagram 
Figure 31. 
(a) This includes the electron gun and a series of lenses which 
demagnify the electron beam, the final lens focussing the beam 
on the specimen. The resolving power of the microscope c2.n 
not be less than the electron beam diameter; the better 
commercial machines achieve a typical resolution of 10 nm. 
A set of scanning coils are mounted above the final lens; and 
withhi. the bore of the lens is located. a stigrnator and a set of 
three movable apertures. These apertures determine the 
angular aperture subtended by the electron beam at the specimen 
surface. At the base of the lens column is a large specimen 
chamber. On the "Cambridge Stereoscan 54-10" used, the 
san1ple was m.ounted with conducting paint "Silve:rdag". on a 
3cm-·diamctcr alun1inium disc and vacuum coated with gold to 
ensure electrical conductivity. The whole system was 
evacuated by rneans of a pumping system. 
(b) The rnode of image fo;rmation employed was detection of the 
secondary electrons e1nit.ted during the electron-probe scan 
yielding an image reiati!lg to the surface topography of the 
c-. 
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spccirrwn. The secondary electrons are detected by a 
scintillator/photomultiplier system, the resulting signal b.eing 
further amplified and applied to the cathode ray display "tubes. 
Two cathode ray tubes were employed, one having a long 
pers_istence phosphor, used for visual display and a second 
having a short persistence phosphor, used solely for 
photographic recording. 
(c) Additional electronic equipment was needed to supply the 
current for the lenses, the accelerating voltage, control 
systems .for the cathode ;:ay displays and ancillary equipment 
associated with signal detection and amplification. 
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2. 6 OPTICAL MICROSCOPY 
In optical microscopy, the resolving power ultimately depends 
upon the wavelength of light used, and is usually taken as"" 200 nm. 
The other main disadvantage is the depth of focus limitation when 
observing three-dimensional objects. 
With the Tessovar Photomacrographic Zoom system, 
magnifications of 0. 8 to 12. 8 were possible using the three lenses 
available. Three aperture settings were also available enabling the 
depth of field to be doubled at the e>.:pense of illumination. At its best 
it only gives a depth of field of I'V lmm at ten times magnification. 
The instrument was used, in conjunction with scanning electron 
microscopy, to study the well-sintered compacts by reflected light 
from the oxidation studies, The images were recorded on 35 mrn 
film by a Carl Zeiss Icmarex 35 camera attachment. 
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CHAPTER 3 
-PRECIPITATION AND AGEING OF LEAD SULPHIDE 
For basic oxidation studies finely divided lead sulphide samples 
of varying crystallite size and crystallinity were precipitated from 
solution at different pH levels, electrolyte concentrations and 
temperature. This research forms part of a wider study of the 
oxidation of lead sulphide and extends the previous work on precipitation 
and oxidation of zinc sulphide 71 • 85 . 
3.1. INTRODUCTION 
Previous researchers have reported on the preparation of lead 
sulphide by precipitation from solution using lead salts and both 
inorganic a..Tld organic sulphides. The results varied considerably with 
respect to the degree of crystallinity and p"article shape and size. A 
co1nprehensive review of wet precipitation methods is given in Mellor1 
According to Rodwe1186 lead suiphide precipitated from a 
solution of lead acetate always contains some of the latter compound. 
Lucas 87 using pure alkali-free solutions oi lead salts obtained a brov..n-
grey sample of colloidal lead sulphide on slow precipitation. Muck 88 
reported that lead sulphide prepared from hydrogen sulphide in acetic 
acid solution is always amorphous, whilst when precipitated in the 
presence of excess nitric acid is deposited as microscopic cubes. 
89 . . 
Krivobok & Nakhodova , however, found that lead sulphide prepared 
from pure lead nitrate and hydrogen sulphide is amorphous, the 
crystalline form being obtained by heating the sa."mple to 700 °C in an 
atmosphere of carbon dioxide (inert atmosphere). According to 
Natta90 , lead sulphide when precipitated in solution "is seemingly 
amorphous with X-rars, but gives sharp lines with electronic rays" 
(elect:!."on diffraction). Amorphous lead sulphide was a.lso obtained by 
K . 1 91 · .. ,. l"d N" 1 92 d"d omaro·.1a et:_~- 1n a react1on 1nvo_v1ng sol s. 1 1xon et~ stu 1e · 
the effect of temperature on the ageing of lead sulphide under wet and 
dry conditi.ons and found that at 200°C sharper diffraction peaks vtere 
obtainec!, bul: opti.cal examination revealed little significant change, 
although overall ageing was enhanced at higher temperatures. 
A considerable amount of research has been carried out on the 
preparation of h~~>.d sulphide .::.s single crystals and thin filn1 s for s tLtdy 
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of the semi-conductor properties .. 
. 38 44 45 
At low temperatures Reuter & Stein , Mellgren Leja all 
report basic lead thiosulphate as the main oxidation product of lead 
sulphide under moist conditions at room temperature. Eadington & 
Prosser 47 similarly fou..>J.d basic lead thiosulphate as the main oxidation 
product up to 12 h, for longer oxidation periods lead sulphate became 
the predominant species. Further investigations conclude that the 
oxidation product is dependent upon pH, as well as time of. exposure. 
At pH 1. 5 lead thiosulphate is unstable and the major product is 
sulphur; at pH 7 the dorni:1ant product is lead sulphate after 12 h and 
at pH 9 lead thiosulphate is found. · 
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3. 2 EXPERIMENTAL 
3.2.1 Materials 
BDH Analar lead nitrate and lead acetate were employed as the 
lead salts. BDH Anaiar sodium sulphide and BDH hydrogen sulphide 
laboratory gas were used as the precipitating agents. X-ray diffraction 
of the solid reagents showed the absence of any sulphate an.d other 
impurities. 
3.2.2 Procedure 
Samples of lead sulphide were precipitated from lead nitrate and 
lead acetate solutions ~t concentrations 0. 1 mol dm-3, 0. 5 mol dm-3 
and 1. 0 mol dm- 3 with hy-drogen sulphide at a flow rate of 5 lh-1, and 
1. 0 mol dm- 3 sodium sulphide at both 20 and 85°C. 
The hydrogen sulphide was passed through a Dreschel bottle 
containing distilled water and into the solutions via a gas dispersion 
tube. Sodium sulphide solution was fed at a rate of 50 cm3 h-1 -from a 
burette. The solutions were continually agita.ted by a m.agnetic· stirrer 
during precipitation. 
Samples of the precipitate were taken after 1 h, filtered and 
washed first with lOO cm3 of distilled water, then with two 50 ~m3. 
aliquots of acetone. The san>ples were dried in an oven at 60QC for an 
hour, and stored in sealed bottles. This procedure arrests any further 
. . h f 1 . 1 93 Th · · age1ng as 1n t e treatment o ea careous mater1a s e rema1n1ng 
precipitate was left in the mother liquor and further sa1nples removed 
after 24 h and 80 h, and treated as above. Ageing conditions were 
kept the same as for precipitation i. e. 20 and 85°C. 
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3. 3 RESULTS 
The precipitated samples were studied by electron microscopy, 
using a Philips EM 300 microscope, after preliminary treatment in an 
ultra-sonic bath to break down the aggregates. This enabled the 
crystallinity and crystallite sizes to be directly observed and micro-
graphed for later comparison. The average crystallite size for the 72 
samples was also determined by X-ray line-broadening measurements 
on the "200 reflection" at Bragg angle 15.055° using the Jones method 
(as described in Chapter 2). Surface area measurements of the 
samples employed nitrogen as adsorbate at -196°C. From the isotherm 
obtained the surface areas were calculated using the BET method (as 
described in Chapter 2)._ This gave a quantitative value for the 
potential reactivity of the samples, as well as a value for the average 
crystallite size. 
Attempts were made to determine the relative quantities of lead 
sulphide and sulphate in the precipitated samples. First, the : 
precipitate was treated with ammonium acetate in order to dissolve- the 
lead sulphate. The remaining sulphide was filtered and the lead ion 
content of the filtrate determined by:- (a) cathode- ray polarography, 
(b) gravimetric analysis as lead chromate, (c) complexometric 
titration using EDTA and (d) using a specific lead ion elcct:·ode. 
However, the results indicated unacceptably high concentrations oi lead 
sulphate and it was later concluded that res-ults were high due to basic 
salts, in addition to lead sulphate. Thus, a method of analysis for 
determining the sulphate ion content of the filtrate (ammonium acetate 
extract) was developed. 
This involved a reaction between the sulphate ions and barium 
chloroanilate 94 in acid soh1tion to give barium sulphate and the coloured 
acid-chloroanilate :lon: 
The amount of the acid-chloroanilate ion liberated is proportional 
to the sulphate ion concentration. However, the lead· cation has to be 
removed since it forms an insoluble chloroanilate, this was effected by 
passage of the solution through a strongly ;:,ciclic ion-exchange :resin 
- 90 -
(Amberlite IR-120). The pH governs the adsorbance of chloroanilic 
acid solution at a particular wavelength, e. g. at pH 4 the chloroanilate 
ion gives a broad adsorption peak in the visible region at 530 pm and a 
much more intense adsorption in the ultra-violet enabling the limit of 
detection of the sulphate ion to be extended to 0. 06 ppm. 
However, this technique was found to be very time consuming 
and therefore impracticable for the analysis of the very large number 
of precipitate samples. Thus, the sulphate was determined for the 
six samples used in the oxidation studies;· the results are given in 
Table 4.la. 
The determination of the particle size distribution of the 
precipitated lead sulphide samples was attempted using a Coulter 
Counter Model Industrial D, to supplement the particle size range 
obtained from the electron micrographs. A computer programme 
(see Appendix I) was written·in Fortran IV for use with the !CL 1905· 
computer to calculate the particle size distribution from the data 
- . 
obtained. _1\n additional programme (see Appendix II)· run on ail IBM· 
1300 computer enables the distribution to be represented in a graphical 
for1n. However, the particle size range of the lead sulphides was 
outside that of the instrument, and thus this technique ""as not suita!:i~e 
for studying the precipitates. 
Tables 3. 3a, 3. 3b, 3. 3c and 3. 3d give the surface areas an:d · 
crystallite sizes of the lead sulphide samples precipitat~d under varying 
conditions of pH, electrolyte concentration, temperature and time. 
Tables 3. 3a and 3. 3b show the surface areas and crystallite 
sizes when hydrogen sulphide was the precipitating agent; here the pH 
decreased to 1 with lead nitrate after "'5 min and to pH"-' 3 when lead 
acetate was used. Tables 3. 3c and 3. 3d give the results when sodium 
sulphide was the precipitating agent; here the pH remained below 7 for 
""'50 min and then rose to ""'11 as the remaining sodium sulphide was 
added. 
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Table 3. 3a 
Particle 3.ize llv ,Pa:rtii:l~ J~v.Particle 
Afleir.g 3t~rrace Code Reactants renge ccasurcd size size 
tii!IO e. rea 
calculated froc <electron calculatP.d 
micrographs fro" line- froc .surfacn 
broadening areas 
2 -1 
h D g lllD = lll!l 
3 -.3 1 2,16 50 ""400 50cm x 1.0 mol dm 
-
250 370 
R 24 2,16 50 
-
300 -400 .370 
l'b(IIO ) + H S 80 1,88 100 
-
400 -6oo 425 3 2 ~ 
3 _, 
50 100 ,._,6oo 320 100cm x 0,5 mol dn·J 1 2.49 
-
N 24 2,20 50 
-
200 'V400 365 
Pb(IIO ) + H S 60 1,68 50 
-
300 )600 465 3 2 2 
3 -3 1 4,29 40 100 110 190 500cc x 0,1 col dm 
-
A 2~ 3.66 50 
-
150 160 220 
Pb(llo
3
)
2 
+ H2S 80 2.55 50 - 200 > 600 315 
5llc.c 3 -3 1 10,60 20 70 !)0 75 x 1,0 mol dm 
-
r 24 9.65 20 
-
70 90 85 
Pb(Ac) + H 3 80 7.41 20 
-
60 160 105 2 2 
lOO cc 3 -3 60 100 90 x 0,5 mol d" 1 8.67 30 
-
z 24 6.94 30 
-
9~ 120 1.15 
Pb(l.c)2 + ii2S 80 4.2.3 40 - 200 190 190 
500Cl!l 3 -3 11.10 20 50 95 70 7.: 0.1 t:O.l cl:. 1 
-
B 24 10,52 20 
-
60 120 75 
Pb(l.c) 2 + lil 80 10,89 20 - 6o 190 75 
Particle size data for samples precipitated with H2S (5 lh -l) and 
aged at :zo 0 c. 
- n-
Table 3.3b 
Surface ?article size kv.ParticlC t.v ,Particld Code Reo.ctants 
Ageing 
rang<e rJeaaured size size 
tioe n.rea 
from electron calculo.ted calculo.ted 
ll'icrographs from lir,e- frof!l ~urface 
broadening arl!an 
h 
2 -1 
m g IlD DlC no 
50 cm 3 -3 1 <0.2 40 300 >6oo x 1.0 col dm 
-
4 Jll!l 
s 24 <0.2 70 
-
400 >6oo 41"" 
Pb(NO ) + H S 3 2 2 ' eo <0,2 150 - 450 >6oo .; rm 
100cm 3 -3 1 1,72 30 400 > 600 465 x 0,5 mol dm 
-
'• 
u 24 1,90 50 
-
300 > 600 420 
Pb(No
3
)
2 
+ H2S eo 1,48 100 - 400 
> 600 540 
500cm 3 X 0,1 ~ol dm -) 1 2,27 40 300 > oOO .350 
-
X ~4 2.17 50 -. 300 > 600 370 
Pb(NO ) H S so + 3 2 2 2,01 150 - 500 > 600 400 
50Ctl 3 -3 e.e9 ?.0 80 95 90 x 1.0 mol do 1 
-
K 24 7,48 20 
-
100 110 105 
Pb(Ac) + H S 80 
2 2 
6,34 20 
-
100 140 125 
100cl!l J ' ·-3 x 0.5 mol de 1 7.8.3 20 
-
eo 110 100 
G 24 6.86 20 
-
CO 120 115 
l'b(Ac) + H S 80 J,89 40 
-
130 160 205 2 2 
5COcm 3 -3 20 eo x 0,1 mol· do 1 9.9e 
-
50 140 
J 24 5.11 50 
-
150 280 155 
Pb(Ac) -r rr s 
2 2 so 3,00 50 - 250 
,...,600 265 
Particle size data for samples precipitated with H 2S(5 lh -l) and 
aged at 85°C. 
- 93 -
; 
Table 3. 3c 
Ageing Surface Particle size A-,,P•.rticlc "i•v ,Particle 
Code Reacta."lts tice range f."'.easurcd si•c size arcu 
from electron calculated calculated 
cicrographs fro:~ line- fro.111 surface 
broadenint; nreao 
2 -1 
b "'g nm !lJll ne 
3 -3 1 7.63 20 40 60 105 50c~ x 1,0 mol dm 
-
D 24 7.25 20 
-
40 100 110 
Pb(IIO ) + -3 eo 8,06 10 20 90 100 1,0 mol dm Na2s -3 2 
' ~ 
:> -~ 1 10.84 10 90 30 75 100cm · x 0,5 mol drn -
E 24 8,54 20 
-
100 50 ~5 
Pb(l!03)2 + -3 so 7.29 . 30 100 70 110 1,0 col du lla2s -
3 -3 1 12,79 20 50 30 60 )OOc~:~ x 0,1 col do 
-
l! 24 10,45 <10 
-
40 60 75 '' .: 
. 
-3 . Ph(JIO ) + 1,0 r.:ol dm Ha S 80 11.36 <10 
-
60 90 ?0"' . 
. 3 2 2 
l 
!]Ocn 3 -3 1 4,61 50 130 110 170 :r. 1,0 col d" 
-
F 24 7.94 10 
-
40 so 100 
Pb(t.c)2 + 
-3 60 9.39 10 40 40 85 '' 1,0 mol drJ ·)la2s - '' 
. 
"":"" 1-
. . 
. 
100 eo J -3 1 . S,ll2 10 50 120 90 x 0,5 col d:~ 
-
y 24 7.76 10 
-
60 140 105 
Pb(Ac)2 + 
-3 80 6.99 10 60 160 115 1.0 col de Na S 
-
. 2 
500cm 3 -3 1 9.1 20 70 60 9G X 0,1 J:lOl <ic 
-
c 24 :3.49 20 
-
6o 90 2JO 
Pb(Ac)
2 
+ 
-3 
. 80 3.10 20 150 190 260 1,0 mol COl lla2S -
Particle size data for samples precipitated v:ith Na2S {50 cm
3h -l) 
and aged at 20°C. 
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Table 3. 3d 
-~eeine Surface Part;cJ.e :~ize Av,Particlo I .. ,. Parti clc 
Code Reactants time area range measured size site 
from electron calculated calculated 
micrographs frorn line- from nurface 
-
broadening nreas 
2 -1 
h 
" g ne nm lliO 
50c~> 3 -3 40 60 x 1.0 mol dm 1 10.27 < 10 
-
80 
TR 24 7.80 20 
-
50 80 100 
Pb(N0
3
)
2 
+ -~ 80 5.70 10 70 140 1,0 ~>Ol cb Na2S - 140 
100cc 3 -3 1 4,68 10 160 165 x 0.5 mol dm 
-
80 
V 24 3.56 10 
-
BO 190 225 
Pb(No
3
)2 + 
-3 80 2.96 10 90 160 1,0 col dm Na2s - 270 
5C0cm 3 -3 9.2~ 20 80 x 0,1 mol de 1 
-
80 85 
\J 24 8.49 20 
-
80 100 95 
Pb(Nc
3
)
2 
~ -3 80 8,06 20 80 1,0 mol dm Ne.2s - 140 100 
._, 
50 cc J -J 1 0,60 20 150 280 1300 x 1,0 rnol de 
-
L 24 5.56 < 10 
-
40 140 145 
Pb(Ac) + -J 80 <10 6o 160 I 1,0 l:lol dm !la S 3.90 - 205 2 2 
100CJ:l J -3 1 7.49 70 70 105 x 0.5 mol dm 20 
-
H 24 6,47 • 30 
-
70 120 125 
Pb(Ac) + -3 60 3.55 20 50 200 225 1,C col d'll lla2s -2 
500cm 3 -3 1 60 x 0, 1 col d'll 7.37 15 
-
110 110 
Q_ 24 5.72 20 
-
90 140 140 
Pb(Ac)
0 
• 
-3 80 4,69 20 100 160 1'/0 1.0 col d!J lla
2
s 
-L 
Particle size data for samples precipitated with Na2S (50 cm 
3h -l) 
0 
and aged at 85 C. 
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3. 4 DISCUSSION 
The crystallinity, crystallite size and composition of the products 
are governed by the conditions of precipitation, namely pH, elec"trolrte 
concentration; temperature and time of ageing. Correlatio'ns bet\veen 
these factors are discussed below. 
3,4.1 Crystallinity and Crystallite Size 
The samples precipitated from lead nitrate (0. 1 moldm-3) and 
hydrogen sulphide at 85°C showed the greatest crystallinity, (cf Figure 
32a, b, c), where also the largest crystallites (up to 500 nm) were found. 
Similar results were ~btained at 20°C, where the crystallites were 
somewhat smaller {up to 350 nm), (Figure 33a, b, c). In both instances, 
owing to nitric acid formation, the pH decreases to 1 within 5 min of 
the· commencement of precipitation. This is consistent with the ~ork 
of Muck88 who observed microscopic cubes in the presence of nitric 
acid.· 
Lead sulphide precipitated from lead nitrate and sodium· 
sulphide shows a lower crystallinity; the crystallites have less un:iiorm 
external faces and are more irregular in shape and smaller in size 
(up to lOO nm), {Figure 34a, b, c). The same overall trends are 
observed with samples prepared from lead acetate which produces lead 
sulphide orpoorer crystallinity, and smaller crystallite ':::;ize than the 
nitrate {Figu:r.e 35a, b, c). . The lead acetate and hydrogen sulphide 
produces lead sulphide of medium crystallinity, with crystallite sizes. 
up to ZOO nm, {Figure 36a. b. c), whilst with sodium sulphide poorly 
crystalline products of up to 100 nm size are observed, {Figure 35a, b, c). 
The degree of crystallinity and crystallite size correlates 
with the pH of the solution during precipitatio11 and ageing, lower pH 
values enhancing greater crystallinity. For exa1nple, with lead nitrate 
and hydrogen sulphide (pH.....,l) the crystallites have well-defined faces 
whereas with lead acetate and sodium sulphide {pH up to 11) the samples 
have poorest crystallinity. This marked effect of pH on crystallite 
size is probably due to the effect on the· solubility of lead sulphide 
(solubility decreases with increasing pH, see Table 1. la). 
The temperature does not c.ppear to have a great effect on the 
crystallinity of the samples. However, higher temperatures do favour 
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Figure 32a 
Sample X1 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 32b 
Sample Ul 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 32c 
Sample S1 
Ageing time 1 h 
Mag: 11, 000 X 
Scale 1 pm 
TRANSMISSION ELECTRON MICROGRAPHS 
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Figure 33a 
Sample A l 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 33b 
Sample N1 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 33c 
Sample R1 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
TRANSMISSION ELECTRON MICROGRAPHS 
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Figure 34a 
Sample Wl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 34b 
Sample Vl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale lOO nm 
Figure 34c 
Sample TR 1 
Ageing time 1 h 
Mag: llO,OOOX 
Scale lOO nm 
·: 
TRANSMISSION ELECTRON MICROGRAPHS 
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Figure 35a 
Sample Cl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 35b 
Sample Yl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 35c 
Sample Fl 
Ageing time 1 h 
Mag: llO,OOOX 
Scale lOO nm 
TRANSlvfiSSION ELECTRON MICROGRAPHS 
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Figure 36a 
Sample B1 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 36b ' 
Sample Zl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 36c 
Sample Pl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale lOO nm 
TRANS.MISSION ELECTRON lvfiCROGRAPHS 
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Figure 37a 
Sample Jl 
Ageing time 1 h 
Mag: 110, 000 X 
Scale 100 nm 
Figure 37b 
Sample J24 
Ageing time 24 h 
Mag: 110, 000 X 
Scale lOO nm 
Figure 37c 
Sample J80 
Ageing time 80 h 
Mag: 110, 000 X 
Scale lOO nm 
larger crystallites (compare Figure 32c and 33c}. This is in accordance 
with the Ostwald ripening process where the smaller crystallites dissolve 
and recrystallize on the larger ones on ageing. Samples precipitated 
from higher concentration solutions tend to have larger crystallite sizes, 
e. g. compare crystallite sizes of samples A, N and R of Table 3. 3a 
and Figure 33a, b, c. Thus, the ageing (see Figure 37a. b. c) of the 
precipitates proceeds by Ostwald ripening supplemented by coagulation, 
especially in the presence of higher electrolyte concentration. 
All the samples gave good X- ray diffraction traces indicating 
that the samples were crystalline to varying degrees. Thus the 
b .. f .. k 88,89,90,91 o servat1ons o prev1ous wor ers who report the forn1ation 
of "amorphous" lead sulphide are not confirmed. Because most of 
these workers did not use diffraction 1nethods to study the san1ples, their 
conclusions are open to question. 
3.4.2 Measurement of Crystallite Siz.e 
The use of X- ray line-broadening to determine the average 
crystallite size is limited to the range 2-200 nm; above 1000 nm (lfr.:-"} 
broadening is negligible. The Jones84 method employed for the 
determination of crystallite size can only be expected to achieve an 
overall accuracy of 20o/o. This method c..s sumes a Gaus si an distribution 
of particles which may be true in the case of freshly p:!:eparcd p!.'ecipitates, 
but on ageing the very stnall crystallites dissolve and recrystaliize on 
the larger ones leading to a shift in distribution. 
The half-peak breadths were measured to 0. 5 mm, thjs meant 
the minimun1 broadening corresponded to an average crystallite size of 
,....1300 nm (1. 3 ym), i.e. (t mm peak broadening). One mm broadening 
corresponds to bOO nm crystallitc sjze, and the next two half mm steps 
correspond to 400 !'..ln and 280 nm respectively. Thus, in the tabulated 
results the average cryf:>tallite sizes have the symbols Nand.> associated 
with them above 200 nm, because of the larger errors involved. 
Although the :·esults above 140 I~.rn arc subject to a > 20o/o error, they 
show lhe trends c..nd agree with the other techniques used. 
The surface area method employed fer the determination of 
crystallite size assumes all the crystal!.ites to be the same shape and 
sizt':. In thi.s case it was assun1ed ~he crystaJlites were cubc.s, although 
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assuming the crystallites to be spherical gives the same numerical 
result. The results obtained agreed with those calculated from line-
broadening measurements, showing the same trends with ageing and 
temperature. 
The crystallite size_-range obtained from the electron 
micrographs gav~ values 2-3 fold lower than that obtained from the 
other two techniques. This is probably because of a sampling error 
in the preparation of the grids, i. e. the large crystallites settling out 
faster than the smaller ones. Although the results are 2-3 fold less 
than the other teclmiques the trends are nevertheless confirmed. 
3-.4.3 Formation of Lead· Sulphate and Basic Salts 
Lead sulphate was detected by X-ray diffraction in a number of 
precipitated lead sulphide samples. 
Only at the highest salt concentration (1. 0 moldm-3) and at 85°C 
did lead nitrate yield any lead sulphate with hydrogen sulphide. The 
high temperature and strong oxidation conditions, due to the nitric acid 
formation, lead to the formation of lead sulphate. Lead sulphc>.te was 
formed from lead acetate ( 1. 0 mol dm- 3) and hydrogen sulphide at 20 °C 
to a small e:>..1:ent, and at 85°C to a greater extent. At the higher 
temperatures only, it is formed at the lower concentration (0. 5 mol ~m- 3)· 
of lead acetate. Lead sulphate was always formed to varying degrees 
with sodium sulphide and lead nitrate, the extent increasing with 
temperature. Whilst sulphation was only detected at the twc high 
concentrations of lead acetate with sodium sulphide. 
The oxidation of lead sulphide in strongly acidic conditions 
(sampleS} gave well-crystalline needles of lead sulphate as observed 
by electron microscopy, Figure 32c, whereas in aikaline conditions the 
lead sulphate identified by X- ray diffraction was never evident from the 
electron micrographs. 
The precipitation of lead sulphide by the addition of sodium 
sulphide to l.:;ad acetate or nitrate solutions may require a longer time 
for completion because of the tendency to precipitate the basic lead 
nitrate o.r acetate, since much of the sodium sulphide solution is 
hydrolysed to sodium hydroxide and hydrogen sulphide, viz: 
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(giving a highly alkaline reaction for sodium sulphide solutions). 
The pH range (5-8 mainly) for t..lte precipitation of the basic lead 
.salt is similar to that for lead sulphide by the above mode of addition. 
At higher pH levels (in the presence of excess sodium hydroxide or 
sodium sulphide) the basic salt will decompose to the normal hydroxide, 
Pb(OH)z or sulphide; this process probably occurs while the precipitates 
are being aged. 
By analogy with other examples, such as decompositions of basic 
salts to hydrous oxides, this often leads to considerable increases in 
surface area 95 (or decreases in crystallite size). 
e. g. TiO. SO 4 ----) TiOz, .:x.H20. 
Atmospheric oxidation of some of the excess sulphide in solution 
produces sulphur to react with the newly-formed activated lead hydroxide 
producing lead thiosulphate and ultimately lead sulphate, cf similar 
changes occur in mixtures of lead hydroxide and colloidal suspensions of 
sulphur 96• However, in the present experiments any sulphur formed 
would be soluble in the excess of sodium sulphide (as polysulphides). 
The reactions have been represented as:-
4PbZ+ + 80H- + 45 = 2PbS + PbO. PbS 20 3.xH20 + (4 -X.) H 20 
PbO. PbS2o3 . xH20 = PbS + PbSO 4 + x.H20. 
but their proposed initiating reactio~:-
seems improbable in alkaline solutions because of the very low 
solubility of lead sulphide (Table 1. la). More probably the first stage 
involves oxidation of the excess sulphide in solution, viz., 
The oxidation of the hydrogen sulphide from the hydrolysed 
sodium. sulphide would cause further hydrolysis by displacing the 
position of equilibrium of the reaction Na2s + 2H20)~ 2NaOH + HzS 
more to the. right. 
The formation of basic lead salts du.ring precipitation resulting 
in the forn1ation of lead sulphide and lead sulphate (in some cases) on 
- 105 -
ageing is illustrated by the small increases in average crystallite size 
on ageing e. g. samples P, K, E, M, V, W and D; whilst with samples F 
and L, the average crystallite size decreases. In these instances, the 
loss of surface caused by Ostwald ripening and coagulation is evidently 
off-set by the increases in surface area from the decomposition of the 
basic lead salts and completion of the formation of lead sulphide and 
sulphate. 
The formation of basic lead nitrate during the precipitation of 
lead sulphide has been demonstrated by following the pH changes during 
precipitation. Figure 38 gives the pH curve for the precipitation of 
lead sulphide from lead nitrate and ·sodium sulphide. Thus, there is 
complete precipitation after about 0, 95 moles of sodium sulphide have 
been added. This is equivalent to 0. 80 moles of lead sulphed:.e and 
0. 05 moles 3Pb(OH) 2 , Pb(N03) 2 per mole of initial lead nitrate. Thus, 
21. 6"/o of material is basic salt for conversion ultimately to lead 
sulphide by excess sodium sulphide - a process which may give 
increases in surface area (like conversion of basic salts to metal 
hydroxides 95 , which may be a stage in the above process). 
3.4.4 Comparison with Previous Work on the Precipitation of Sulphides 
This ageing behaviour of lead sulphide is comparable with t}lat 
of copper sulphide samples precipitated by the addition of lM sodium 
sulphide to lM copper sulphate at room. temperature ·where there is a 
tendency to form basic 3 Cu{OH)z. CuS0 4 as an impurity in the original 
material. James 98 has shown the average particle size decreases 
from 117 to 65 nm (determined by surface area measurements) on 
ageing from 1 h to lOO h for copper sulphide. At higher temperatures 
(80°C) the precipitate ages more rapidly s.o that the loss in surface 
caused by Ostwald ripening and coagulation predominates. There are 
also progressive decreases in surface areas, as would be expected, 
for samples precipitated in acidic conditions (thereby precluding basic 
salt formation). This is the case as well for precipitation of lead 
sulphide in the present rese2rch. 
Both the precipitates of lead and zinc sulphide 85 , were similar 
inthe fact that they gave the largest and best crystalline crystallites in 
acid conditions, with the c:tystallite sizes decreasing as the precipitation 
conditions become more alkaline. · However, the most significant 
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Figure 38 
0. 1 
pH curve for the addition of lM sodium sulphide to lM lead nitrate 
0.2 0.3 0.4 0.5 0.7 o. 8 0.9 1.0 
Moles of sodium sulphide added 
difference is the crystallite size obtained. With zinc sulphide the 
surface area measurements range from 54 to 130 m 2 g-1 corresponding 
to average crystallite sizes of 27 to 11 nrn respectively, with the X-ray 
line-broadening measurements giving average crystallite sizes of 
between 2. 5 and 6 times smaller. The present researches on the 
precipitation of lead sulphide find that the surface area measurements 
range from 1. 5 to 11 m2g-l with corresponding crystallite sizes of 
460 to 30 nm. 
Figure 39 shows a typical nitrogen adsorption isotherm of lead 
and zinc sulphide. For lead sulphide between 0, 4 and 0. 8 relative 
pressure there is slight hysteresis indicating porosity with the pore 
sizes given by the inset scale, .and calculated from the expression99:-
ln PIPo = 2 '6o 
RTfr 
where p/Po = relative pressure 
)(0 = surface tension of adsorbate 
f = ·density of adsorbate 
r = radius of pore 
R = gas constant 
T = adsorption temperature K. 
The adsorption isotherm for zinc sulphide was carried out using · 
liquid oxygen at -183°C shows a large hysteresis loop which suggests 
high porosity, with the pore sizes given by the inset scale. The 
relative number of particular sized pores may be gauged from the 
vertical separation of the adsorption and.desorption curves. 
In both cases hysteresis does not occur below"'O. 4 relative 
pressure and thus the-use of the BET method for determining the 
monolayer. capacity is justified. 
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Figure 39a 
Adsorpti on isotherm of N 2 on lead sulphide 0 
0.014 grams at - 195 C 
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CHAPTER 4 
OXIDATION OF LEAD SULPHIDE 
The oxidation of lead sulphide has been inves.tigated using DTA 
and TG in conjunction with X- ray phase analysis and optical and 
scanning-electron microscopy. The thermal equipment employed was 
a Stanton-Redcroft Massflow Balance Model MF-HS as described.in 
Section 2. 1 
4. 1 INTRODUCTION 
Six samples were selected for detailed study, viz., five· 
precipitated samples of varying surface area, crystallinity and 
crystallite size and commercial BDH lead sulphide. From the 
precipitated samples W, D, Q, J and X were chosen. Table 4. la gives 
the details of precipitation, surface area, 'crystallite sizes and degree 
of sulphation of the selected samples. 
4.1.1 Experimental 
A mixed stock sample of the 24 h {SOo/o) and 80 h {SOo/o) aged 
samples was used in the oxidation studies. 
Isothermal oxidation investigations were performed initially on 
the six samples. The 150 mg samples were contained in alumina 
crucibles. Small quantities were purposely chosen so that the sample 
thickness would be low to allow· complete oxidation. In practice, the 
sinter cakes produced were 2-3 mm thick. 
The furnace was raised and _heated to the pre- selected oxidation 
temperature, the crucible placed on the TG pedestal and the furnace 
lowered over the sample. The sample was held at this temperature for 
1 h then removed, allowed to cool, and a portion analysed for phase 
composition by X-ray diffraction. This procedure was repeated fo:r 
each sample at temperature intervals of 50 degrees from the onset of 
oxidation,· as determined by preliminary experiments, to 950°C. 
The resultant traces of weight change against time were 
replotted as percentage weight gain or loss (~fter buoyancy corrections 
were applied) against time, and gave the series of isothermal curves, 
Figures 40a, b - 45 a, b. The X-ray analysis of phases present were 
tabulated and are presented in Tables 4. 2a - f. 
As discussed in Section l. 2, the oxidation of lead sulphide occurs 
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Table 4. la 
% lead sulphate 
in sample 
11 
15 
< 1 
< 1 
< 1· 
1.5 
Details of the six chosen lead sulphide samples 
Mode of precipitation Code Surface Equivalent spherical Crystallinity as 
or source area diameter calculated 0 determined from 
m2g-l from S. A. result A electron micrographs 
lead nitrate + sodium W24/80 8.3 980 poor crystallinity 
sulphide @ 85°C 
lead nitrate + sodium D24/80 7.7 1050 poor crystallinity 
sulphide @ 20°C 
lead acetate + sodium Q24/80 5. 2 1550 poor crystallinity 
sulphide @ 85°C 
lead acetate + hydrogen J24/80 4. 1 2100 intermediate 
sulphide @ 85°C crystallinity 
lead nitrate + hydrogen X24/80 2. 1 3850 well-crystalline 
sulphide @ 85°C 
commercial BDH BDH 5. 6 1450 poor crystallinity 
in two stages. Stage one is the low temperature oxidation where the 
rate controlling process is chemisorption of oxygen with an activation 
-1 
energy of 46-50 k J mol In stage two at higher temperatures (above 
600-700°C) sintering of the oxidation products becomes extensive and 
the reaction rate is dependent upon the diffusion of oxygen inward and 
product gases outward; here there is a four-fold decrease in 
activation energy .. 
-, 
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4. 2 STAGE ONE : Low Temperature Oxidation 
There are three main initial oxidation reactions:-
PbS + 20 2 --~ PbSO 4 
2PbS + 3~2 2Pb0 +2S02 
2Pb0 + 2S0 2 + 0 2----+ 2PbSO 4 
(1) 
(2) 
(3) 
By studying the free energies of the above reactions the 
feasibility of each may be assessed. Table 4.2g gives the free energy 
data for the six main oxidation-reduction reactions. From the free 
energy values reaction (1) occurs more readily than reaction (2); to 
promote reaction (2) it would be adyantageous to reduce the sulphur 
dioxide partial pressure. Reaction (1) consumes 2 moles of oxygen 
pe_r mole of lead sulphide whereas reac-tion (2) only consumes 1. 5 moles 
oxygen. Thus, initially at the surface of the sample one would expect 
to find lead sulphate because of the freely available oxygen, and the 
greater likelihood from the free energy data. As oxidation proceeds 
the lead sulphate layer reduces the supply of oxygen to the lead 
sulphide within the sample and thus makes reaction (2) more likely, 
because of the reduced oxygen consumption. Reaction (2) produces 
sulphur dioxide which like the oxygen entering the sample is inhibited 
from leaving by the surface lead sulphate and thus reaction (3) is 
distinctly possible. Any lead oxide formed will be in a highly active 
form and may combine with lead sulphate to give monobasic lead 
sulphate. Thus the modes of reaction at the lower temperatures 
o· (below 600 C) appear to be:-
~P~O~ 
PbS ~SO! ~ PbO.PbS04 
< PbS0 4 . 
4.2.1 Results and Discussion 
The thermogravimetric curves in Figures 40a, b - 45a, b for the 
oxidation of the precipitated lead sulphides show that oxidation to lead 
sulphate (requiring a maximum percentage weight gain of 26. 75%) is 
never complete within 1 h at any of the temperatures. Usually the 
rate of oxidation decreases considerably and often becomes almost 
negligible at the end of the hour. TheSe smaller weight gains are 
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Table 4. 2g 
~ 400 550 700 850 900 1000 1100 R 
PbS + 2 0 2 ; Pb50 4 (1) -645428 -606235 -570190 -543785 -517196 -495956 -472282 
Pb5 + 1.5 02~ PbO + 502 (2) -363207 -350740 -338144 -3297 30 -321286 -312747 -304315 
Pb5 + 0 2 Pb + 502 (3) -210438 -212947 -214979 -217142 -217376 -220278 -221182 
Pb5 + 2Pb0~3Pb + 502 (4) 98047. 67535 37914 9238 - 125 -18547 - 36785. 
Pb5 + PbS0~2Pb + 2S0 2-(5) 161266 107891 48176 -7368 - 29274 . -60225 - 94689 
2Pb + 0 2 2Pb0 ( 6) -308243 . -280536 -253262 -226359 -217175 -200020 -182761 
Values of the free energies according to Kelley from 400-1100°C in kJ mol-l 
ascribed to incomplete oxidation to lead sulphate at lower temperatures 
.and to formation of basic sulphates and lead oxide at higher temperature; 
formation of the oxide produces percentage weight losses. 
X- ray analysis indicates that lead sulphate i.s the main product 
at lower temperatures {below 500°C). This evidently inhibits further 
oxidation by coating the outside of the sulphide particles. 
The equivalent spherical diameter of the initial sulphide 
crystallites can be calculated from the surface areas of the samples. 
Hence, the thickness of the lead sulphate layer can be estimated from 
the-precentage oxidation of the sulphide {which the percentage weight 
gain represents) and the change in molecular volume in the conversion 
of lead sulphide to lead sulphate calculated from the X-ray densities of 
the phases (7.5 and 6.2g cm-3 respectively). Lead sulphide changes its 
volume 1.534-fold when it forms lead sulphate, so that the fractional 
oxidation, x, of a san1ple of lead sulphide causes a proportionate volume 
change of {1 - x) + 1.534x = 1 + 0.534x The equivalent spherical 
1 
diameter of the coated sulphide, d, increases from d to d (1 + 0. 534 x) 3, · 
1 
while the diameter of the unchanged sulphide core decreases to d (1 - x)3. 
The thickness, t, of ti1e product layer is then given by the equation:-
1 1 
2t = d, (1 + 0. 534x)3 - (1 - x)3 
Results for samples oxidized isothermally at 400 °C for times of 
8 min and 1 hare given in Table 4. 2h. 
Table 4 2h . 
-
Specific Equivalent Product layer 
Sample surface spherical thickness t 'l) S m2g-l diameter X after after 
d 8 min 1 hr 
-
poorly crystalline 
Q 5.2 1550 130 134 
intermediate crystaliinity 
J 4. 1 1950 30 90 
well crystalline X 2. 1 3800 15 58 
.., 
poorly 
crystalline w 8.3 960 49 57 
+lead • 
sulphate D 7.7 1050 25 25 
.. 
BDH 5. 6 1450 130 190 
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Figure 40a Sample W24/ 80 oxidized isotherma lly in static air 
(400-6S0°C) 
7 % weight gain 
6 450oC 
6oooc 
4 
6sooc 
3 
2 
1 
0~-------L ________ J_ ________ L_ ______ _L ________ j_ ______ ~ 
10 20 30 50 60 40 
Oxida tion time min 
-1 o/o weight loss 
- 11 6 -
4 o/o weight gain 
1 
0~------~r-~~--~------~~--------~--------~~------~ :> 0 
Oxidation time min 
-1 
-2 
-3 
-4 
-5 
-6 
-7 o/o weight loss 
Figure 40b Sample W24/80 oxidized isothermally in static air 
· {700-950°C) 
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Figure 41a Sample D24/ 80 oxidized isothermally in static air 
(400-650°C) 
5 o/o weight gain 
4 
3 
600°C 
2 
1 
5000C 
450°C 
550°C 
400°C 
650°C 
o~------~1~o------~2~o--------~3~o------~4~o--------~5~o------~6o 
Oxidation time min 
-1 o/o weight loss 
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2 
o/o weight gain 
1 
Oxidation time min 
0 ~~~--~~------~2o~------~37o~------~4~o~----~5~o~------~6~o 
-1 
- 5 
-6 
-7 
-8 o/o weight loss 
Figur e 4 l b Sample D24/ 80 oxidized isothermally in static air 
{700-9500C) 
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Figure 42a Sample Q24/ 80 oxidized isothermally in static air 
(150-550°C) 
14 
12 
10 
8 
6 
4 
2 
% weight gain 
~-----------------------
30 40 50 
Oxidation time min 
% weight loss 
- 120 -
450°C 
400°C 
250°C 
200°C 
0 
150 c 
60 
Figure 42b Sample Q24/ 80 oxidized isothermally in static air 
( 60 0 - 9 50 ° c) 
8 o/o weight gain 
6 
4 
2 
-10 o/oweightloss 
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50 
Oxida tion time min 
700°C 
7500C 
800°C 
Figure 43a Sample J24/80 oxidized isothermally in static air 
( 400- 6sooc) 
16 o/o weight gain 
14 
12 
10 
8 
6 
2 
400°C 
0~------~~------~~------~~------~=-------~=-------~ 50 0 
Oxidation time min 
-2 % weight loss 
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Figure 43b Sample J24/ 80 oxidized isothermally in static air 
(700-950°C) 
8 o/o weight gain 
0 
Oxidation time min 
-4 
-6 
-8 
-10 o/oweightloss 
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7000C 
850oC 
Figure 44a Sample X24/ 80 oxidized isothermally in static air 
(400- 650°C) 
14 o/o weight gain 
Oxidation time min 
-2 % weight loss 
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Figure 44b Sample X24/80 oxidized isothermally in static air 
(700-950°C) 
10 o/o weight gain 
8 
6 
4 
2 
Oxidation time min 
-2 
-4 
-6 
-8 
-10 o/oweightloss 
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Figure 45a Sample BDH oxidized isothermally in static air 
(200- 6oo 0 c) 
8 o/o weight gain 
6 
5 
4 
3 
2 
. 1 
0 
Oxidation time min 
-1 o/o weig_h t loss 
- 12 6 -
6oooc 
Figure 45b Sample BDH oxidized isothermally in static air 
{650-950°C) 
4 %weight gain 
3 
7500C 
2 
1 
Ox idation time min 
- 1 
-2 
800°C 
ssooc 
-3 ---
-4 o/o weight loss 
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Table 4 2a 
~sothermal 
ernperature PbS PbSO · PbS0
4
.PbO PbS0
4
. 2Pb0 PbS04 .4PbO 
.oc 
4 
400 small v. strong weak 
450 v.strong v. small 
500 v.strong small 
550 - v.strong medium 
600 strong medium 
650 strong strong 
700 strong strong 
750 strong v.strong 
800 strong v.strong 
850 medium v.strong 
900 strong medium 
950 medium strong 
X-ray phase analysis for sample W24/80 oxidized isothermally 
weak 
v. small 
small 
medium 
strong 
v. strong 
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PbO 
Table 4 2b 
~sothermal 
~mperature PbS PbS04 PbS04 PbO PbS04 2P~O PbS04 .4PbO PbO oc 
400 medium v.strong medium 
450 weak v.strong medium 
500 v.strong medium 
550 v.strong medium 
600 v.strong medium 
650 v;strong strong 
700 v.strong strong 
750 strong strong 
800 strong strop.g 
850 weak strong 
900 v.strong weak 
950 small strong 
.. 
X-ray phase analysis for sample D24/ 80 oxidized isothermally 
weak 
v. small 
small 
medium 
strong 
v. strong 
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Table 4 2c 
~so thermal 
t~ature PbS PbS04 PbS_04 .PbO PbS04. 2Pb0 PbS04.4PbO oc 
100 v.strong v.small 
200 v.strong small 
250 strong medium 
400 medium strong weak 
450 medium v.strong weak 
500 medium v.strong weak 
550 small strong v,strong 
600 small strong small 
650 weak strong small 
7oo v.strong small 
750 strong strong 
800· small v.strong v.small 
850 small strong 
900 strong 
950 strong 
X-ray phase analysis for sample Q24/80 oxidized isothermally 
weak 
v, small 
small 
medium 
strong 
v, strong 
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PbO 
Table 4. Zd 
~sothermal 
t~re PbS PbS04 PbS04 .PbO PbS04 .2PbO PbS04 APbO c 
400 v.strong strong 
450 strong strong 
500 weak v.strong v.small 
550 v.strong v.small 
600 strong small 
650 strong medium 
700 medium. medium 
750 medium·, strong 
800 medium strong 
850 small medium small 
900 strong 
950 strong 
X- ray phase analysis for sample J24/ 80 oxidized isothermally 
weak 
v. small 
small 
medium 
strong 
v. strong 
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PbO 
small 
strong 
Table 4. Ze 
Isothermal 
terrwrature PbS PbS0 4 PbS04.PbO PbS04 .2PbO PbS04.4PbO c 
400 v.strong v.small 
500 v.strong medium 
550 strong v.strong weak 
600 medium v.strong medium 
650 small medium strong 
700 v.small small v.strong 
750 v,small v.st.rong 
800 v.small v.strong v.small 
~50 v.small strong 
900 strong 
950 strong 
X-ray phase analysis for sample X24/80 oxidized isothermally 
weak 
v, small 
small 
medium 
strong 
v. strong 
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PbO 
" 
small 
Table 4. 2£ 
p.sothermal 
tenlJberature PbS PbS04, PbS04.PbO PbS04.2PbO PbS04.4PbO · c 
200 strong small 
300 medium medium weak 
400 small strong . small 
450 small strong medium 
500 small small medium 
550' v.small strong 
600 v.small strong 
650 v.small v.strong 
700 weak v.strong 
750 v.small v.strong 
800 weak v.strong 
850 weak v.strong 
900 strong 
950 strong 
X-ray phase analysis for sample BDH oxidized isothermally 
weak 
v. small 
small 
medium 
strong 
v. strong 
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PbO 
Initially, the oxidation rates will depend m~inly on nucleation 
and development of the reaction on the surface of the sulphide. 
Subsequently, it will tend to proceed at an interface advancing inwards 
from the surface of each particle. The nucleation and surface reaction 
will be affected by the crystallinity at the surface and any lead sulphate 
. or similar impurities (like basic sulphates) already present. Of the 
six samples in Table 4.la, Q, J, X and the BDH samples are initially-
sulphate free and the greater reactivity is shown by the samples with 
the poorer crystallixiity (as judged from electron micrographs in 
Figures 46a-f), these.being expected to have a larger number of crystal 
defects to promote crystal change. In samples W and D, part of the 
surface is already coated with oxidation product (normal and basic 
sulphate impurities) and is in effect partly nucleated. The remainder 
of the surface probably will have poorer crystallinity on account of the 
impurities and thus will rapidly nucleate. This will give initial overall 
rates intermediate between those of pure samples which have good and 
poor crystallinity, as is found experimentally. 
The subsequent oxidation by the advancing interface mechanism 
will depend mainly on the internal crystallinity of the material and the 
stability of the product layer. If the product layer is very permeable 
to gases i. e. there is no impedance, the interface can advance inwards 
from the outside of each p~rticle at a linear rate and 1 order kinetics 
result. However, if the layer is less permeable a diffusion 
mechanism produces parabolic kinetics, 
oxidation of metals 101 (or their nitrides 
as often encountered in 
102 
etc) . 
At lower temperatures, nucleation rates are slower and may 
even show induction periods so that the oxidation accelerates giving. 
curves which are L'1itially concave upwards (e. g. the commercial BDH 
0 
sample oxidized at 200 C), before a stable product'layer gives parabolic 
kinetics. After this the oxidation progressively decelerates giving a 
sigmoid curve. At higher temperatures, where nucleation is more 
rapid, the parabolic kinetics are established sooner, but if the initial 
surface is inhomogeneous the formation of a stable product layer is 
delayed and the. initial part of the curve becomes apprcxin1ately linear 
103 
as found in many instances in the present research (Gulhransen has 
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TRANSMISSION ELECTRON MICROGRAPHS 
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Figure 46a 
Sample X24/ 80 
Mag: 111, 000 X 
Scale 100 nm 
Figure 46b 
Sample J24/ 80 
Mag: 111, 000 X 
Scale 100 nm 
Figure 46c 
Sample Q24/ 80 
Mag: 111, 000 X 
Scale 100 nm 
TRANSMISSION ELECTRON MICROGRAPHS 
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Figure 46d 
Sample D24/ 80 
Mag: 111, 000 X 
Scale lOO nm 
Figure 46e 
Sample W24/ 80 
Mag: 110, 000 X 
Scale 100 nm 
Figure 46£ 
Commercial BDH lead 
sulphide 
Mag: 110, 000 X 
Scale lOO run 
summarized this and other possible contributory factors, viz., decreases 
in surface heterogeneity and specific surface as the reaction proceeds, 
changes in local surface "temperature caused by heat of reaction, 
solubility effects and impurity concentrations). 
Sintering of the products may cause increased impedance giving 
ultimately abnormally slow oxidation rates. The behaviour is found for 
lead sulphide oxidations especially at higher temperatures. Surface 
diffusion and crystal lattice diffusion which promote recovery of 
crystallinity and sintering become prominent for ionic solids at 
temperatures above about t melting point and i m~lting point (in K) 
which corresponds to 190° and 4Z0°C respectively for lead sulphide, 
0 0 
210 and 450 C for lead sulphate. The lead oxide, PbO, formed 
increasingly at higher temperatures (Tables 4. Za-f) is comparatively 
low-melting (880°C) and should be effective L'1 promoting surface 
diffusion and crystal lattice diffusion at temperatures above about 110° 
0 • 
and 300 C respectlvely. 
Kinetics of the oxidations are illustrated further in Figures 
47a, b, c where the squares of the weight increases, m, are plotted 
against time. Linear plots corresponding to parabolic kinetics are 
found only at the lowest temperatures over all the oxidation ranges 
studied. At higher temperatures the plots deviate from linearity, 
decreasing in slope as the oxidation rates become abnormally low. At 
these temperatures sintering becomes more extensive, so that the 
outer layers of the particles coalesce, ultimately embedding the 
unreacted material in the matrix of product, abnormally reducing the 
diffusion rate. This behaviour is shown also from optical micrographs 
of the partly oxidized sulphide samples. ·Sample Q24/80 oxidized for 
1 h at 450 °, . 500 ° and 550 °C (see Figures. 48a, b, c) shows increasing 
amounts of white particles (sulphate product) present tending to 
coalesce at the highest temperature (550°C). 
0 Above 600 C, the 1 h samples can be removed from the crucible 
as solid cakes. Part of the top, side and bottom portions of the sample 
oxidized at 650°C are compared in Figures 49a, b, c. . The greatest 
amounCof-s\ilplia:tcd-prodi.ict occurs in the top layer and is much more 
extensively sintered than that at 550°C . (see Figure 48c). There is 
- 137 -
Figure 47 a, b, c. Kinetics of oxidation 
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Figure 48a 
Sample Q24/ 80 
oxidized for 1 h at 450°C 
Mag: 40 X 
Scale 500 p.m 
Figure 48b 
Sample Q24/ 80 
oxidized for 1 h at 500 ° C 
Mag: 400 X 
Scale 500 pm 
Figure 48c 
Sample Q24/ 80 
oxidized for 1 h at 550°C 
Mag: 40 X 
Sca le 500 pm 
OPTICAL :MICROGRAPHS 
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Figure 49a 
Sample 024/80 
oxidized for 1 h at 650 ° C 
Top of sample 
Mag: 40 X 
Scale 500 fm 
Figure 49b 
Sample Q24/ 80 
oxidized for 1 h at 650°C 
Side of sample 
Mag: 40 X 
Sca le 500 F 
Figure 49c 
S ample Q 24/ 80 
oxidized for 1 h at 650°C 
Bottom of sample 
Mag: 40 X 
• Scale 500 pm 
less extensive oxidation in the side and bottom layers, where oxygen 
diffusion has been impeded by the sintered product layer .at the top. 
Particle growth increases considerably at 750°C (see Figure 
50 a), but nevertheless small amounts of unchanged sulphide can still 
be seen (small grey particles partly coated with white sulphated product), 
in too small amounts to beidentified from X-ray diffractometer traces. 
There is less difference in the microstructure of the top and side 
portions of the product at 750°C compared with 650°C; the higher 
temperature facilitates crystal lattice diffusion and chemical reaction. 
This optical examination is somewhat restricted by limitations in depth 
Thus, of focus resulting in blurring in some parts of the micrographs. 
further microstructural studies were made by scanning electron 
microscopy, giving a complete independence of depth of focus and a 
higher magnification to provide more details of the surface structure. 
Samples of D24/80 and BDH sulphide oxidized for 1 h at 
0 0 
temperatures between 500 and 750 C gave products showing 
progressive increases in particle size (see Figures 51 a, b, c, d, e), more 
clearly than those shown by the optical micrographs for Q24/80 
(see Figure 48a,b; 49a, b, c). 
A comparison of samples W24/80 oxidized for 1 h at temperatures 
between 700° and 900°C is presented in Figures 52a-d. The product at 
700°C is son1ewhat porous, but at 800°C most of the pores are absent 
and there is evidence of grain boundaries throughout the whole structure 
(see 4-fold enlarged micrographs Figures 53a-e). At 850°C there is 
further loss of porosity but less evidence of grain boundaries, since 
liquid phases begin to appear. The latter leads to a rounding of the 
particles at 900 ° C. 
4.2.2 Formation of Monobasic Lead Sulphate 
Lead oxide and lead sulphate will react to give monobasic lead 
sulphate at' 400°C and above. Separate e:>..-periments were performed 
to determine the temperature range over which the reaction between 
·lead oxide and lead sulphate would occur. 
A 1:1 molar mix of Analar lead oxide and sulphate was ground 
to a fine powder, and 2 g samples contained in an alumina crucible 
heated in a muffle furnace at a series of temperatures for varying 
lengths of time. Figure 54 shows the X- ray diffraction traces obtained 
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Figur e 50 a 
Sample 024/80 
0 
oxidized for 1 h a t 7 50 C 
M a g: 40 X 
Scale 500 pm 
Figure 51a 
S a mple BDH oxidized fo r 
1 h a t 650°C 
M a g: 500 X 
Sca le 40 r m 
Figure 51 b 
Sample BDH oxidized for 
1 h a t 750°C 
M a g: 1000 X 
Sc a le 20 ym 
SCANNING ELECTRON MICROGRAPHS 
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Figure 52a 
Sample W24/ 80 
oxidized for 1 h at 700 °C 
Mag: 500 X 
Scale 40 fm 
Figure 52b 
Sample W24/ 80 
oxidized for 1 h at 800°C 
Mag: 500 X 
Scale 40 pm 
Figure 52c 
Sample W24/ 80 
oxidized for 1 h at 8 50 ° C 
Mag: 500 X 
Scale 40 fm 
SCANNING ELECTRON MICROGRAPHS 
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Figure 52d 
Sample W24/ 80 
0 
oxidized for 1 h at 900 C 
Mag: 500 X 
Scale 40 pm 
Figure 53a 
Sample W24/ 80 
oxidized for 1 h at 700°C 
Mag! 2, lOO X 
Scale 10 fro 
Figure 53b 
Sample W24/ 80 
oxidized for 1 h at 800°C 
Mag: 2, 100 X 
Scale 10 F 
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Figur e 53c 
S ample W24/80 
oxidized for 1 h at 800 ° C 
Mag: 2, 100 X 
Sca le 10 pm 
Figure 53d 
S ample W24/ 80 
0 
oxi dized for 1 h at 900 C 
Mag: 1, 000 X 
Scale 20 p m 
Figure 53e 
S ample W 24/ 80 
oxidized for 1 h at 850°C 
Mag: 2, 100 X 
Sca le 10 pm 
Figure 54 illustrating the formation of monobasic lead sulphate 
PbS04.PbO 
PbS04 .PbO 
1 
PbS0 4. PbO 
1 
PbS04. P bO 
l 
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1: 1 mix of lead 
oxide and lead 
sulphate heated 
0 for 1 h at 400 C 
Heated for 1 h 
at 500°C 
Heated for 10 h 
at 500°C 
Heated for 1 h 
at 700°C 
Heated for 1 h 
at 800°C 
. 0 0 . . 0 0 
after 1 h at 400 C, 1 h and 10 h at 500 C, 1 h at 700 C and 1 h at 800 C. 
0 . . 
Thus, even at 400 C for 1 h monobasic lead sulphate is formed, with 
the rate of formation increasing with temperatureand time, as indicated 
by the peak heights. The mixture was further investigated by DTA, 
but the resultant trace shows no _apparent heat of reaction, with the 
endothermic peak at 880°C corresponding to a phase change of lead 
sulphate. X- ray analysis of the product indicated formation of much 
monobas'ic lead sulphate. Hence, it appears quite feasible to produce 
monobasic lead sulphate at temperatures 'of 300-400°C with the highly 
active lead oxide and sulphate resulting from .the oxidation of lead 
sulphide. 
Monobasic lead sulphate can also be formed by direct oxidation 
of lead sulphide via reaction: 4PbS + 702 -:-----+ 2(PbS0 4 . PbO} + 2S0 2 as 
13,16,17 
reported by a number of workers 
The origins of any lead oxide available for direct combination 
with lead sulphate may be via reaction (2} or by the thermal decomposition· 
of an intermediate, such as, lead sulphite being formed. This is 
discussed in (PbS0 3 ~ PbO + so2) more detail in Chapter 5. 
Tuffley & Russen13 approached the formation of basic sulphates 
from the direct oxidation of lead sulphide, but did not consider the 
reaction of lead oxide and lead sulphate which is possible above..,. 350°C 
as experimental evidence has shown. Vander Poorten & Meunier 16 
using 44-74 pm galena found monobasic lead sulphate. between 550-650°C 
resulting from direct oxidation of lead sulphide, but did not find lead 
sulphate until 700°C after 90 min. The proposed mechanism shows 
the basic sulphate as the top oxidation layer with lead sulphate 
immediately below and resulting from sulphation of the basic sulphate.· 
This appears to be the reverse of .the present findings, in that, lead 
sulphate was always the premier oxidation product with the basic sulphate 
resulting probably from both direct oxidation and reaction of lead oxide 
and sulphate. 
The major difference between the experiments performed here 
and by previous researchers was the particle size of the lead sulphide 
used. Culver. ~~ l 7 used 7 4 Jlm galena and found oxidation did not 
begin until 600°C; this is 200° above the highest temperature needed 
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to oxidize the most unreactive lead sulphide in the present work. 
18 . 
Margulis & Ponomarev again using 7 4 pm galena found lead sulphate 
first produced at 600°C,. with monobasic lead sulphate at 680°C;. this 
is th.e reverse order of the findings of Vander Po~rten & MelJ.nier 18 who 
employed similar sized galena. Polyvannyi & Ponomarev 19 using 
62-74 pm galena (air flow 10 lh- 1} identified both lead oxide and lead 
sulphate or monobasic lead sulphate at 400°C, with traces of lead at 
550°C. Thus, the previous researchers results are confusing and 
inconsistent. However, they do agree about the reaction kinetics with 
the first stage activation energy determined to be 46. 7 k J mol-l between 
0 . ·. 19 1 
400-700 C by Ponomarev & Polyvannyi and 50. 2 k J mol- from DTA 
studies made by Kurian & Tamhankar50 Above 700°C the rate constant 
changes and a value of 13.9 kJmol~l is given by Ponomarev & Polyvann-b9 
for the activation energy. This four-fold decrease results from the 
sample sintering with the rate-determining mechanism changing ·from 
chemisorption to diffusion of oxygen. 
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4. 3 STAGE TWO : High Temperature Oxidation 
The reactions between the oxidation products of lead sulphide 
are:-
PbO t PbSO 4 ---~ PbSO 4 . PbO 
2Pb0 + PbS0 4 PbSO 4 . 2Pb0 
4Pb0 + _PbS04 PbS04. 4Pb0 
{mPbO t PbS04 PbSO 4 . mPbO) 
They are all thermodynamically feasible within the reaction 
temperatures studied, if m ) 1 to 4 the reactions are further favoured. 
The reactions of lead sulphide with the oxidations products 
are:-
PLS + 2Pb0 ---~ 3Pb + S02 -----'------(4) 
PbS t PbSO 4 ----~ 2Pb + 2S0 2 (5) 
p PbS t n PbO. PbSO 4 ~ q Pb + r S02 
From the free energy data given in Table 4. 2g reaction (4) is 
not feasible until 900°C ap.~ reaction (5) not probable until N850°C 
(when the AG value becomes negative). The free energy data also show 
that the reaction 2Pb + 0 2----t_2Pb0 (6) is possible from 400-1100°C and 
only above 900°C is reaction PbS + 0
2
----;1 Pb + so2 (3) more likely to 
occur. Thus, any lead produced by r~actions (4) and (5) will be oxidized 
to lead oxide, below 900°C, via reaction (6) and will only be stable so 
long as oxygen is absent from the system. Hence, with severe sintering 
and thus oxygen prevented from entering the system, lead may be 
. 0 
produced below 900 C. 
At the higher temperatures .it is possible for direct oxidation of 
lead sulphide to result in the basic sulphates, as shown in Section 1. 2, 
reactions (9), (10) and (11);. also sulphation of these basic sulphates can 
occur.with sulphur dioxide to give lead sulphate, e. g. reaction (14) 
Section 1. 2. 
The additional reactions possible at the higher temperatures, 
viz., 850-950°C, modify the TG curves in Figures 40b- 45b. Formation 
of lead from lead sulphide gives a greater proportionate weight loss than 
conversion of lead sulphide to lead oxide. Thus the TG curves at these 
temperatures show sharp initial weight losses followed by weight gains 
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ascribed to formation of lead by reaction (3) and its subsequent oxidation 
by reaction (6) to lead oxide. The ultimate continuous weight losses, 
especially at 900° and 950° represent the volatilization of the lead oxide, 
which is known to occur at these temperatures from separate experiments, 
see Figure '5a; free lead does not volatilize appreciably as illustrated 
in Figure 55b, and has not been found by optical or X-ray examination 
in the final products. However, in the TG experiments, the sharp 
initial weight losses at the higher temperatures are in excess of those 
required for the complete conversion of the lead sulphide to lead oxide; 
·then reactions in equations (3) and ( 6) predominate over the possible 
alternative mechanism, viz., 2PbS + 302_____.2Pb0 + 2 so2, followed 
by 2Pb0 + 2S02 + 0 2 ~ 2PbSO 4 . This is in accordance with the 
thermodynamic data in Table 4. 3a, where reaction (3) viz., PbS + 0 2 
~ Pb + so2 should predominate over 2PbS + 3 o2~2Pb0 + 2S0 2 
at temperatures above about 850°C. 
The X-ray analyses (Tables 4. 2a-f) show as the reaction 
temperature rises from 600 to 800°C a shift towards the formation of 
greater quantities of monobasic lead sulphate, and away from the 
formation of lead sulphate. Above 800°C, the higher basic sulphates, 
dibasic and tetrabasic lead sulphate are found, and ultimately free 
lead oxide in some of .the samples at 950°C. 
All the samples showed the presence of dibasic lead sulphate 
at elevated temperatures from the X-ray analyses, even though the 
phase diagram (Figure 17) predicts it is unstable below 620°C and 
decomposes to give a mixture of monobasic and tetrabasic lead sulphate. 
Furthermore there was no evidence of any decomposition of dibasic 
lead sulphate, since then both the monobas"ic and tetrabasic salt would 
have been observed in the same sample, and this was not the case. 
Thus, the dibasic lead sulphate must have been in a metastable condition, 
possibly caused by the rapid cooling of the sample (due to the low sample 
mass). 
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4. 4 DIFFERENTIAL THERMAL ANALYSES 
Further studies employing simultaneous DTA-TG were planned 
for the precipitated lead sulphide samples and the ores using various 
gas atmospheres and flow rates. The experiments were initially 
intended to run from room temperature to l200°C, however, it was 
found that lead alloys with platinum above "'950°C. On attempting to 
run the lead ores in the platinum crucibles greater problems were 
encountered with the formation of lead fluxes, with the silica present 
in the ores, at the higher temperatures. This resulted in the loss of 
a platinum crucible and serious damage to the alumina head of the 
balance. The manufacturers could only supply silica or platinum 
crucibles and thus it was decided to fab'ricate crucibles from alumina. 
The holders were constructed from alumina tubing sealed with a plug 
of fine alumina cement (COS 60) and shaped to fit the thermocouple. 
However, on testing these crucibles there was an unacceptable loss 
in the differential thermal signal, caused by the poor conductivity of 
alumina coupled with the distance the sample was from the thermocouple. 
After discussions with the manufacturer {who are at present 
investigating the possibility of alumina holders as an alternative to 
platinum) it was decided to restrict the oxidation temperature to 900°C 
and use the platinum crucibles with the precipitated samples. 
Inherent with the balance design the gases could only be passed 
over the sample and not through it as is desirable. This leads to the 
DTA traces in some cases having a strong initial exothermic peak, as 
the surface material is oxidized, but as the temperature rises sintering 
of the sulphate occurs inhibiting oxygen from reaching the remainder of 
the sample, giving a broad exothermic peak for the main reaction. The 
sharp endothermic peak between 870-880°C occu~ring with all samples 
is a phase change from orthorhombic to monoclinic for lead sulphate. 
The simultaneous DTA-TG traces are given in Figures 56-61 
and the DTA traces are summarized in Tables 4. 4a. b. 
The samples under investigation were heated at~750c min- 1 
in a 6 mm diameter by 10 mm depth platinum crucible and mounted 
in the alumina DT A head, as described in Section 2. 1. These samples 
were oxidized in static air, air flowing over the sample (500 ml min-1) 
and pure oxy.gen (500 ml min-1) .. 
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Platinum catalyses the 2SOz + 0 2 ---J2S03 reaction and as a 
consequence the samples sulphated to a greater extent than was found 
in the isothermal studies carried out in alumina crucibles. Analysis of 
0 the products at 900 C shows that the only products were 1 ead sulphate 
and monobasic lead sulphate in all cases. Samples X24/80 gained 25o/o 
weight as a result of sulphation (a maximum weight gain of 26. 75% is 
possible for complete sulphation). This strong catalytic effect of 
platinum on the rate of sulphation agrees with similar findings in the 
previous study on the oxidation of zinc sulphide 71 
There was little difference in the overall weight gains or the 
DTA traces obtained when. the sample was oxidized in static or flowing 
air. This is possibly caused by the geometry of the crucible with the 
relatively low surface contact with the atmosphere. As the temperature 
rises, sintering of the products begins, further impeding the exchange 
of reaction and product gases, thus favouring the formation of sulphur. 
trioxide and ultimately sulphation. 
With an oxygen atmosphere, in general, the DTA traces show a 
sharper, stronger initial exothermic peak with the assoc~ated greater 
weight gains. 
The comparatively rapid formation of l~ad sulphate at the lower 
temperature in oxygen apparently produces an almost impermeable 
layer of reaction product when only a quarter of the sample is S 1.llphated. 
At temperatures of about 160°C only surface diffusion is possible, and 
0 
there is little additional reaction until temperatures of over 300 are 
reached when crystal lattice diffusion becomes appreciable. The 
amount of sulphation gradually increases with further rise in 
temperature, when it is accompanied by basic salt formation. 
The sulphate layer is formed less rapidly in static or flowing 
air conditions, requirh1g correspondingly higher temperatures when 
there is evolution of some sulphur dioxide in the formation of lead 
oxide leading to basic sulphates. This gas evolution may destabilize 
the product layer and red11ce the impedance. Hence, more sulphate 
can be formed ultimately in air than in oxygen as the temperature rises 
0 
to ""'450 C. 
The abscissa of the DTA figures are in microvoits, this is 
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because the output from the thermocouples is not linear with temperature. 
A calibration graph of microvolts against reaction temperature was 
constructed and is given in Figure 62 for the conversion microvolts to 
change in temperature, .6. T, at a particular reaction temperature. 
As can be seen from Figures 56-61 the DTA traces varied to a 
great extent, depending on the crystallinity and particle size of the sample 
used, i. e. the poorly crystalline material oxidizing at a lower temperature 
with the associated shift in the exothermic peaks. After the initial 
oxidation exothermic peak there were a series of smaller broader 
exothermic peaks which could not be assigned to any particular reactions, 
i.e. Q24/ 80 had a small exothermic peak at 705°C in all atmospheres. 
These peaks were investigated.by oxidizing the sample to the peak 
temperature an·d then quenching the reaction by evacuation, and studying 
the phases present by X-ray diffraction. However, no significant results 
' were obtained; but because of the regular pattern of the peaks it suggests 
the cause is more than the surface cracking, thuspromoting oxidation 
for a short period. 
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4. 5 STABILITY OF LEAD SULPHATE 
INTRODUCTION 
0 104 R1chards has calculated the stability of the lead sulphate 
with respect to temperature, sulphur dioxide. and oxygen concentration 
in blast furnace roasting from thermodynamic data. The resulting 
phase diagram (Figure 63) indicated that lead sulphate was more stable 
than suggested by the present researches. In calculating the phase 
diagram the thermodynamic quantities were calculated for the solids 
so that an error due to the extrapolation into the liquid region exists. 
On re-calculating, after· allowing for liquid phases, the line of stability 
0 
of lead sulphate/ monobasic lead sulphate is about 100 lower. 
4. 5, 1 Experimental 
0 
To test the stability of lead sulphate between 850 and 1250 C in 
atmospheres of varying amounts of oxygen, nitrogen and sulphur 
dioxide it is necessary to have good control over the flow of the gases. 
Oxygen and nitrogen were obtained from pressurized cylinders fitted · ~ 
with pressure regulators and calibrated rotameters, thus the gas flow 
could be controlled closely and consistently. The greatest problem 
was controlling the sulphur dioxide over long time periods, especially 
at the higher flow rates. The best control was achieved by placing 
the cylinder in an ice- bath (thus reducing the sulphur dioxide pressure 
and keeping the temperature constant). 
The oxygen and nitrogen were introduced into the balance 
chamber of the Stanton-Redcroft Massflow Balance MF-H5 with the 
sulphur dioxide added to the mixing chamber, giving an overall flow 
rate of 1 lmin- 1 . 
BDH lead sulphate (5g) was contained in an alumina crucible· 
placed on the TG pedestal. The sample was heated to V" 800 °C in the 
controlled .oxygen-nitrogen atmosphere when the sulphur dioxide was 
introduced at the desired flow rate. 
with respect to sulphur dioxide was 
. The overall gas composition, 
74 
determined by the Leco 
determinator by adding aliquots of iodate and recording the time 
necessary for the released iodine to be consumed. The procedure of 
adding aliquots ·was repeated so as to give time intervals of· ""'3 min. up 
to l250°C with a heating 1·ate of 4. 75°C rnin-l The sample temperature 
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1250 
. was recorded by an internal thermocouple, as the aliquots were added. 
The resulting plots of percentage lead sulphate decomposed 
against temperature are given in Figures 64a, b, c, d, e, f, 
4.5.2 Discussion 
In a stream of nitrogen (1 1 miri.- 1) practically all the lead 
sulphate decomposes as the temperature rises from 892 to 1250°C, 
(Figure 64a) 50% being decomposed when the temperature reaches 
1047°C. The shape of the curve is sigmoidal, like that given 
generally for isothermal experiments, where the initial part (up to 20%) 
represents the induction period - nucleation and decomposition at the 
surface of the particles. The intermediate part covers decomposition 
• 
by an advancing interface mechanism from the outside of each .particle, 
and the final part (over 80%) is the "decay period" where the remaining 
isolated portions of the reactant decompose. The steepness of the 
curve would correspondingly increase with greater linear heating rates. 
When the flow gas contains sulphur· dioxide, e. g. 15% in 
Figure 64b, higher temperatures are required to effect the corresponding 
amounts of decompositoon, so that 50o/o of the lead sulphate is not 
decomposed until the temperature reaches 1099°C. The added sulphur 
dioxide has partly stabilized the lead sulphate by tending to reverse the 
decomposition. 
2PbSO 4 -~ 2Pb0 + ZS02 + 0 2 
Similarly, added oxygen tends to stabilize the lead sulphate, and 
50% is not decomposed until 1087°C is reached (Figure 64b). 
Progressively larger amounts of sulphur dioxide and smaller 
amounts of oxygen (Figures 64c-f) increasingly stabilize the lead 
sulphate as indicated by the displacements of the curves relative to 
each other and the increased temperature required for initial and 
50% decomposition. 
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Figure 64b Thermal stability of lead sulphate in an atmosphere of 
21% o2, 79o/o N2 
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Figure 64a Thermal stability of lead sulphate in an atmosphere of 100o/oN2 
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Figure 64c Thermal stability of lead sulphate in an atmosphere 
o£ 3. 8% so2 , 15% o 2 , 81% N 2 
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Figure 64d Thermal stability o£ lead sulphate in an a tmosphere of 
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Figure 64e Thermal stability of lead sulphate in an atmosphere of 
12. 2% so2, 5o/o o 2 • 83% N 2 
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Figure 64f Thermal stability of lead sulphate in an atmosphere of 
14. 8o/o so2 , 85o/o N 2 
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CHAPTER 5 
COMPARISON OF THE OXIDATION OF LEAD AND RELATED 
SULPHIDES 
5. 1 INTRODUCTION 
The research described in Chapter 4 has shown the formation of 
basic sulphates in the oxidation of lead sulphide, over a wide range of 
temperature. The tendency to form basic salts is not normally as 
great in the oxidation of other metal sulphides. This is illustrated by 
researches on the oxidation of zinc and calcium sulphide which are 
sunirnarized below. 
5.1.1 Oxidation of Zinc Sulphide 
In the isothermal oxidation of zinc sulphide below 850°C the 
quantity of zinc sulphate formed in the early stages reaches a maximum 
value before decreasing on further roasting. At higher temperatures 
( ~A850°C), the thermodynamics are favourable for the re~ction of zinc 
s~lphate and zinc sulphide to give zinc oxide. The basic sulphate 
ZnO. ZZnS0 4 has been identified by X- ray diffraction in the roasted 
samples particularly at temperatures """650°C for fine.ly divided o<.- ZnS 
and V\. 700°C for the coarser. ~ - ZnS. Sulphate formation becomes more 
prominent in the presence of platinum crucibles, resulting in up,_to 35% 
of zinc sulphide being converted to sulphate at 6Z0°C compared with"' 1% 
in the absence of platinum.. A 2- stage oxidation mechanism is indicated 
from the 2 exothermic peaks given by theDTA curves:-
(i) nucleation of zinc sulphide and development of the reaction 
across the surface of the particle (cf kinetic region) · 
(ii) penetration of oxygen through the oxide layer, promoting 
further oxidation by an advancing·interface mechanism inwards· 
(cf. diffusion region). The oxidation rates, particularly in the 
dif£usion region arc lowered by sintering of the products at the 
higher temperatures. 
5.1.2 Oxidation of Calcium Sulphide 
The mode of oxidation of this metal sulphide is typical of 
alkaline earth metal sulphides which do not form any .basic salts on 
oxidation but form sulphites as intermediates. Thus, calcium sulphide 
slowly oxidizes in air at room temperature to form calcium ·sulphite, 
- 171 -
CaS03, and IS' -CaSO 4 . The hemihydrates of these compounds dehydrate 
in air. or in vac~o at temperatures below 400°C and the sulphite· oxidizes 
. more rapidly with increasing temperature. 0 In vacuo above 500 C, there 
is some disproportionation to sulphate and sulphide, i.e. 4CaS0 3 --~ 
3CaSO 4 + CaS and some decomposition to oxide, i.e. Caso 3 --+CaO + 
S02. 
5.1.3 Comparison with the Oxidation of Lead Sulphide 
By analogy with calcium sulphide, there is the possibility of 
initial oxidation of lead sulphide to lead sulphite, especially in conditions 
with limited amounts of oxygen present. Above ~ 300°C, lead sulphite 
can either decompose, viz. , 
disporportionate, viz. , 
oxidize, viz. , 
PbS03~PbO + S02----(l) 
4PbS03---)3PbSO 4 + PbS (2) 
2PbS03 + 0~2PbSO 4 (3) 
Reaction (3) occurs more readily than (1) or (2) at lower 
temperatures. 
Separate experiments on precipitated lead sulphite (described 
more fully later in the Chapter) show that ox:ldation rates in air become 
appreciable above 220°C in air and at lower tempe.ratures in oxygen. 
Newly-formed lead sulphite would be expected to oxidize more rapidly 
·in air and still more so in oxygen. Thus, no lead sulphite is detected 
in the low-t~mp~rature (ea 160°C) oxidation of lead sulphide in oxygen. 
Accordingly, when precipitated lead sulphite oxidizes at 
temperatures between 150 and 280°C in oxygen and 220 and 300°C .in 
air, there is less basic sulphate formed in the presence of oxygen, 
i.e. reaction (3) predominates more over reactions (1) and (2). 
- 172 -
5. 2 PREPARATION AND STRUCTURE OF LEAD AND ZINC SULPHITE 
Lead sulphite is unavailable commercially and so it was prepared 
by precipitation from solution by the double decomposition reaction of 
lead nitrate and sodium sulphite. To reduce the possibility of 
precipitating lead sulphate the sodium sulphite was dissolved in boiled 
water. Precipitation was achieved by slowly adding lOO cm3 of 0. 5M 
sodium sulphite to lOO cm3 of 0. 5M lead nitrate. The product was 
filtered and washed with distilled water and dried in a desiccator. 
A sample was X-rayed for phase composition and the analysis 
showed the absence of any lead sulphate, lead nitrate, sodium ni'trate 
and sodium sulphite. Lead .;ulphite was analysed for sulphite b'X" 
decomposition in iodine-acid solution and titrating the remaining iodine 
with sodium thiosulphate. This gave 101. 2% purity with respect to 
sulphite. However, later studies indicated the presence of 5. 5%, bj· 
weight, adsorbed water in the sample {see Figure 65 q, 2), applying· 
. . . 
this correct_ion to the quantity of lead sulphite taken originally gives a 
result of 97. 4% for purity with respect to sulphite. 
The ASTM data for lead sulphite appeared incomplete as the 
prepared sample had extra peaks which could not be assigned to any 
impurity. Attempts were made to grow single crystals of .lead sulphite 
from very dilute solutions of lead salts and sodium sulphite b'X" allowing 
the solutions to slowly diffuse across a bridge over a period of three 
months. However, the resultant crystals were "'five times too small 
for mounting, and thus the crystal lattice constants were determined 
from the powder data. 
Almost all the peaks conformed with an orthorhombic type 
lattice with:-
a: = 6. 26 .R (± 0. 02 .R) 
b = 7.5l.R 11 
0 
c = 5. 15 A 11 
giving an X- ray density Dx = 7. 87 g cm-3 
c. f. ASTM data which corresponded to:-
0 
a = 6. 23 A 
b = 
0 
7.46 A 
0 
c = 5.17 A 
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Zinc sulphite was prepared similarly from solution by double 
decomposition of zinc chloride and sodium sulphite. 
The product ZnS0 3. 2H20 gave X- ray powder diffraction data 
which agreed with the ASTM data card number 1 - 0189 and appears to 
conform to a monoclinic crystal lattice, since atterppts to index on an 
orthorhombic system failed because of the high number of low angle 
reflections. 
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5. 3 THERMAL DECOMPOSITION OF LEAD SULPHITE 
The thermogravimetric curves are shown in Figures 65a-e for 
samples of lead sulphite heated in (a) vacuo, (b, c 1, 2) nitrogen, (d) air 
and (e) oxygen, corrected for buoyancy where applic"able. 
In vacuo, the adsorbed water is lost at temperatures up to 300°C 
{see Figure 65a) and sulphur dioxide at temperatures up to 500°C, after 
which the weight of the residue remains constant up to 600°C. The loss 
of sulphur dioxide corresponds to 47o/o of the lead sulphite being 
decomposed to lead oxide. Since no lead sulphite remains in the residue, 
the remaining 53% has· evidently disproportionated, viz., 4PbS0
3 
~ 
3PbS04 + PbS. The X-ray diffraction analysis showed the presence of 
tetrabasic lead sulphate, resulting from reaction of the lead oxide 
produced by decomposition and lead sulphate from disproportionation. 
There is almost the same amount of decomposition (44. 3%) and 
disproportionation (55. 7%) when lead sulphite is heated in nitrogen 
flowing at 500 ml min-1 (Figure 65b) at similar temperatures, but the 
main basic sulphate in the residue is monobasic lead sulphate, with 
less free lead sulphate. Although lead sulphide was difficult to 
identify from the X- ray traces (because of similarity of its main peaks 
with the other components) the grey colour of the residue was 
indicative of its presence. 
The simultaneous TG and sulphur dioxide determination curves .. 
for the thermal stability of lead sulphite in a flowing nitrogen 
atmosphere (500 ml min- 1) are given in Figures 65cl, 2· From 
Figure 65c 2 , 320°C is the temperature when the sample begins to 
evolve sulphur dioxide and thus decompose to lead oxide, whereas 
Figure 65cr shows a slow continuous loss from"'80° to r..~400°C, 
Taking point, X, at 540°C the total weight loss is ·77. 0 rng and the 
corresponding quantity of sulphur dioxide is 48. 5 mg, thus the 
discrepancy of 28. 5 mg is apparently ads or bed water (5. 5% by weight). 
There is a further sulphur dioxide loss between 620°C and 
0 . 
788 C which is accounted for by the reaction of lead sulphide ·and lead 
oxide giving lead and sulphur dioxide, 
i. c. PbS + 2Pb0---73Pb + S02 
. . 
with the quantity of lead sulphide formed during disproportionation 
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Figure 66a Differential thermogram for the decomposition of lead. 
sulphite in vacuo 
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corresponding to the amount of sulphur dioxide evolved. Above 930°c 
the sulphur dioxide is produced by the decomposition of lead .sulphate. 
When lead sulphite is heated in a stream (500 ml min -1) of air 
or oxygen (Figures 65d, e), small weight gains are recorded corresponding 
to 15. 3o/o decomposition and S4. 7o/o oxidation in air, and 11. 9% 
decomposition and ss·. 1 o/o oxidation in oxygen. As expected, there is 
more oxidation in oxygen than air (ZOo/a oxygen). 
The oxidation of the lead sulphite to lead sulphate occurs via 
direct oxidation at_ the lower temperatures and probably by a: combination 
of direct oxidation and disproportionation followed by oxidation of the 
resulting lead sulphide at higher temperatures {ea '-"350°C). The .. 
comparatively low oxidation temperature for lead sulphide makes it 
impossible to distinguish the relative importance of each mechanism of 
sulphite oxidation, but direct oxidation is the chief mechanism for zinc 
sulphite. 
In the DTA traces for lead sulphite oxidation (Figures 66a, b,. d, e), 
the peaks were much sharper in oxygen and occurring at a somewhat 
lower temperature than in air. These effects have been found 
previously in the oxidation of metal sulphides e. g. Zn, Fe, Pb and are 
probably applicable as well in direct sulphite oxidation. 
In vacuo and nitrogen (Figures 66a, b), small exothermic peaks 
were followed by large endothermic peaks as the temperature was 
raised. Accompanying weight changes {on the TG curves} show that 
the endotherms correspond to decomposition and disproportionation 
reactions. The decomposition process is probably inhibited by the 
lead oxide produced, which is lower-melting and sinters more readily 
than the other components. This allows disproportionation to become· 
more significant, accounting for the splitting of the endotherm into two 
peaks, especially in vacuo. 
Microstructural changes during heating of lead sulphite in vacuo 
-5 . ( <. 10 mm Hg} have been followed by hot-stage electron microscopy 
(Figures 67a-h}. There are only min()r changes at low temperatures 
( ( Z60°C} during which the water is removed (c. f. Figures 67a, b}. 
Small amounts .of water soluble material, e. g. dissolved ionic salts such 
as soditun nitrate formed in the preparation of lead sulphite, have 
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Figure 67a 
Lead sulphite at 21 °C 
Mag: 65, 000 X 
Scale 0 . 5 fm 
Figure 67b 
Lead sulphite after 
1 min at 160°C 
Mag: 65, 000 X 
Scale 0 . 5 pm 
Figure 67c 
Lead sulphite after 
1 min at 263°C 
Mag: 65, 000 X 
Scale 0 . 5 fm 
HOT-STAGE ELECTRON MICROGRAPHS 
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Figure 67d 
Lead sulphite after 1 min 
a t 277°C 
Mag: 65, 000 X 
Scale 0 . 5 pm 
Figure 67e 
Lead sulphite after 4 min 
at 330°c 
Mag: 65, 000 X 
Scale 0 . 5 fm 
Figure 67£ 
Lead sulphite after 2 min 
at 355°C 
M a g: 65, 000 X 
Scale 0 . 5 fm 
HOT-STAGE ELECTRON MICROGRAPHS 
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Figure 67g 
Lead sulphite after 
1 min at 438°C 
Mag: 65, 000 X 
Scale 0. 5 pm 
Figure 67h 
Lead sulphite after 
1 min at 511 °C 
Mag: 65, 000 X 
Scale 0 . 5 pm 
Figure 67i 
Lead sulphite after 
40 min at 511 °C 
Mag: 65, 000 X 
Scale 0. 5 p-m 
evidently migrated to the outside of the aggregates, and diffused into 
the carbon film giving haloes. The first signs of thermal 
d~composition are seen at '-" 260°C (Figure 67d) and become more 
extensive at 330° and 354°C (near first peak of endotherm of the DTA 
trace) and at 438°C {near completion of the endotherm). At the last-
named temperature the crystallite size has increased inaccordance 
with the expectation that sintering will become extensive. at temperatures 
·0 
above 400 C; further increases are shown at higher temperatures, 
viz., ·su °C (Figure 67i). 
The electron microscopy hot-stage .studies were performed a 
number of times, and it was found that the dehydration and decomposition 
temperatures varied over a range of ,.., 30°C. This is accounted for by 
the heating effect of the electron beam on the sample, i. e. the. sample 
was hotter than the thermocouple controlling the grid temperature 
·indicated. To reduce this effect the beam current was kept as low as 
possible and studies were carried out on particles close to a grid mesh. 
The micrographs and associated temperatures shoWn are those which 
gave the highest temperature for the dehydration and decomposition. 
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5, 4 THERMAL DECOMPOSITION OF ZINC SULPHITE 
The thermogravimetric curves are shown in Figures 68a-d for 
samples of commercial zinc sulphite heated in (a) vacuo, (b) nitrogen, 
(c) air and (d) oxygen. 
In vacuo (Figure 68a), the water of crystallizatio11; (+ 2H20) is 
0 lost at temperatures up to 200 C and sulphur dioxide at temperatures 
up to 400°C, after which the weight of the residue remains constant 
0 (up to 600 C). The loss of sulphur dioxide corresponds to 86. lo/o of 
the zinc sulphite being decomposedto zinc oxide. Since no zinc 
sulphite remains in the residue, the remaining 13. 9% has evidently 
disproportionated, viz., 4ZnS03~3ZnS04 + ZnS. 
There is more decomposition (94. 9%) and less disproportionation 
(5. lo/o) when zinc sulphite is heated in a stream of nitrogen (1 lmin-1) 
at similar temperatures (Figure 68b). 
Dehydration of salt hydrates in vacuo compared with nitrogen or 
air generally produces much smaller crystallites of anhydrous product. 
This is typical of decompositions of the type:-
Solid A-+ Solid B + gas. 
c. f. also metaf hydroxides and carbonates and is thought to be connected 
with the larger concentration gradients of gas or vapour in the capillaries 
of the solids in vacuum decompositions~ 8 - Thus, the smaller crystallites 
of zinc sulphite evidently tend to disproportionate more. 
When zinc sulphite is heated in streams of air or oxygen 
(Figures 68c, d), there is apparently 85. Oo/o and 78. 2o/o decomposition with 
15. Oo/o and 21.8% disproportionation respectively. In these experiments, 
the anydrous zinc sulphite crystallites are probably similar in size to 
those formed in nitrogen, . yet the apparent disproportionation is greater 
even than that in vacuo. However, in the presence of air or oxygen any 
disproportionated material would be oxidized at temperatures above 
500°C, but there are no weight gains on subsequent heating at the higher 
temperature when the weight remains constant. 
Hence, the smaller weight losses are accountable in terms of 
zinc oxide and zinc sulphate as the only products. Therefore in air .and 
in oxygen 88. 5o/o and 83. 4% of the zinc sulphite decomposes and 11. 5o/o 
and 16.6% oxidizes to zinc sulphate respectively, the higher amount of 
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Figure 69a Differential thermogram for the decomposition of zinc 
sulphite in vacuo 
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Figure 69b Differential thermogram for the decomposition of zinc 
sulphite in nitrogen (500 mlmin-1) 
Heating rate 4. 7 5° C min -1 
DT sensitivity 50 pV 
410°C 
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Figure 68b TG curve for the decomposition of zinc sulphite in nitrogen 
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Figure 69c Differential thermogram for the decomfosition of zinc 
sulphite in air (500 ml min- ) 
H . 4 oc -1 eat~ng rate . 7 5 min 
DT sensitivity 50 fV 
351°C 
Figure 68c TG curve for the decomposition of zinc sulphite in air 
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Figure 69d Differential thermogram for the decomposition of z inc 
sulphite in oxygen (500 ml min -1) 
Heating rate 4 . 75°C m in- 1 
DT sensitivity 50 fV 
68d TG curve for the decomposition of zinc sulphite in oxygen 
5 
300 400 
0 Temperature C 
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5 0 00 
oxygen present producing the greater percentage of oxidation. 
In the DTA traces for zin~ sulphite (Figures 69a-d), the loss of 
109 
water of crystallization ·_gives an endothermic peak at !&°C in vacuo and 
about 125°C in nitrogen, air and oxygen. The decomposition of the 
anhydrous zinc sulphite at higher temperatures in vacuo and nitrogen 
gives a series of smaller endothermic peaks. In air and oxygen, these 
smaller endothermic peaks are followed by a long shallow exotherm 
corresponding to oxidation of the zinc sulphite to sulphate over 
temperature ranges of about 370 to 530°C and 360 to 490°C respectively. 
The differential thermal trace in vacuo, in both cases, although 
carried out with the same sensitivity and sample mass as these in 
nitrogen etc.appears as a magnified version because of the absence of 
any heat being Conducted or converted away by an atmosphere. 
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5. 5 SULPHITE FORMATION DURING OXIDATION OF METAL 
SULPHIDES 
Th h d h f h 105, 106. h e present researc es an t ose o at ers 1n t e 
laboratories indicate that the stability of divalent metal sulphites to 
oxidation to sulphate is in the order:- . 
The sulphides of the alkaline earth metals are less stable to 
oxidation to sulphates and thus form appreciable amounts of 
intermediate sulphites during the complete conversions to sulphate. 
In contrast, the zinc and lead sulphides are more stable to ox:ldation 
compared with their sulphites and hence no appreciable amounts are 
present during the overall oxidations to sulphates, basic sulphates 
and oxides. 
The pas sib le disproportionation of lead sulphite to sulphate and 
sulphide could be· initiated crystallographically by the re- arrangement 
of the lead sulphite lattice, so that the 001 plane (c - axis of the 
0 
orthorhombic cell, 5. 15A) becomes the 111 plane of the lead sulphide 
0 
{diagonal of the cubic ·- F - cell = 10. 3 A ) . This is analogous to the 
aragonite - calcite crystal transformation on heatL"'lg or milling, where 
the orthorhombic lattice becomes a deformed cubic (r):Iombohedral) 
1 . b . "1 . 1 h 107,108,109 athce, y s1m1 ar ax1a c _anges 
The changes from lead sulphite to sulphide and aragonite to 
calcite involve only small changes in density, viz., 7. 87 to 7. 60 (4o/o) 
and 2. 93 to 2. 71 (7o/o) respectively. This would be the case also for 
the initial oxidation of lead sulphide to lead sulphite and in the reverse 
transformation of calcite to aragonite;_ reversibility in the latter has 
b d db ·u· ·1 ·1·b · · · b · duo een emonstrate y m1 1ng unt1 an equ1 1 r1um m1xture 1s o ta1ne 
Further direct oxidation of lead "sulphite to lead sulphate would 
involve increases in the size of the orthorhombic lattices, viz; 
0 
a = 6. 26 to 6. 96 A ( 11. 2o/o) 
b = 
0 
7. 51 to 8. 48 A (12. 9o/o) 
0 
c = 5. 15 to 5. 39 A ( 4. 7o/o) 
with decrease in density from 7. 87 to 6. 32 g cm-3 (19. 7o/o). 
On the other hand decomposition of lead sulphite to orthorhombic 
lead oxide (massicot) would involve decreases in the size of the lattices, 
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viz; 
0 
a = 6. 26 to 5. 49 A (12. 3%) 
0 
b = 7. 51 to 5. 8 9 A (23. 7%) 
. 0 
(7. 6%) c = 5. 15 to 4. 76 A 
-3 . 
with increase in density from 7. 87 to 9. 64 g cm (22. 6%). 
Thermal transformation of aragonite to calcite, disproportionation 
of calcium sulphite and its oxidation at higher temperatures are all 
accompanied by sintering which is found also with the oxidation of lead 
sulphide. 
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CHAPTER 6 
INVESTIGATION INTO THE EFFECTS OF PELLETIZATION, 
BENTONITE AND MOISTURE ON A POOR SINTERING MIX. 
6. 1 INTRODUCTION 
111 At the 1975 ISP Conference a licensee claimed that the addition 
of bentonite improved the permeability of sinter mixes, and thus also the 
sinter strength. This investigation was planned to test the effect of 
adding 1% bentonite on a poor sinter mix, under varying preparative 
conditions. It was decided to choose a poor sintering mix initially, so 
that any improvements in sinter strength would become obvious. The 
. . 
mix was formulated to give a target analysis of 43-44% zinc, with 15% of 
the new zinc supplied in the form of Waelz oxide; with lead at 20%, iron 
7. 5o/o, lime 5%, silica 3. 5% and 5% sulphur as fuel. 
The investigation was planned as a duplicated factorial experiment 
with 3 factors at 2 levels; the 2 levels of water addition gave either a 
3 
normal moisture content or a high moisture level, when lOO cm above 
the normal amount was added. After mixing, the mix was either burnt 
in its original form, or pelletized. This gave 23 = 8 experiments, with 
duplication a total of 16. 
Table 6. la Summary of plan 
Normal moisture High moisture 
Ordinary No bentonite 1, 2 3,4 
mixing 
1% bentonite 5, 6 7,8 
No bentonite 9, 10 11, 12 
Pelletized 1% bentonite 13, 14 15, 16 
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6. 2 EXPERIMENTAL 
The mix constituents were restricted to the minimum number 
necessary to achieve a sinter composition as outlined in Section 6. 1. 
Fresh sinter was obtained from the sinter plant on site, and the analysis 
of this sinter used in calculation of the sinter mixes. Moisture 
tests were applied to all constituents, and this value used in the final 
calculation of composition. Additions of silica .were in the form of sand 
and lime in the form of limestone. 
< ~" (<. 6. 4 mm). 
The fresh sinter was. crushed to 
The fuel level chosen for the work was 5% new sulphur in the mix. 
This has been shown to be close to optimum by previous experiments 69, 
and is near to the level used by many operating plants. 
6.2.1 Calculation of Sinter Mix 
An algebraic method (see Appendix Ill) was used to achieve the 
desired composition of the sinter mix, from the basic components. 
Table 6. 2a gives the complete analysis of the constituents. Table 6. 2b 
gives the "effective analyses" in which a correction has been made for 
the loss of volatile components on combustion.. It was these "effective 
analyses" values which w~re used to calculate the composition from the 
components. The mixes actually used to .make the returns of the desir.ed 
compositions are shown in Table 6. 2c. 
6.2.2 Procedure 
The 16 mixes for each set of experiments were made up at the 
same time and stored with the sinter on the top, so as to keep the initial 
moisture content constant. After the addition of water to the first mix 
to give the correct moisture content, the water addition was held at this 
level.. or at 100 cm3 above, throughout the experiments. 
The raw materials were mixed in an Eirich SKG li mixer for 4 min 
with the water being added after 1 min. When required, the mix was 
pelletize<i in a disc pelletizer set at an angle of 55° and rotated at 20 rpm 
for 2. 5 min. 
The grate bars of the sinter pallet were first cleaned, the inner 
and outer formers placed in position and the space between them packed 
with dampened soft sinter fines, crushed to <. 1; 16" (1. 6 mm). The 
ignition layer was then applied ( 1 kg of the sinter mix). 
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Table 6.2a Actual Analysis of Constituents 
Material Zn Pb Fe s M gO Al2o 3 Si02 CaO Moistur• 
B, H. Zinc 52.7 1.00 10.00 32.2 0.03 0.4 1.4 0. 24 7. 6 
B. H. Lead 3. 5 75.5 2. 5 15. 5 0.02 0. 19 1.0 o. 13 5. 6 
Blue powder 26. 1 22. 0 4. 5 
- -
0.5 
-
4.5 3.0 
Waelz oxide 42.0 8.0 5.7 3. 5 3.4 2.2 7.6 8.0 1.0 
Limestone 
- -
o. 5 - 1.5 - 4. 9 49.4 5.0 
Sand -
-
1.5 . - - 1.5 80. 2 6. 5 o.o 
Sinter returns* 44.7 19.6 10.0 0.7 o. 1 2. 3 3. 1 5.0 0.0 
* Sinter analysis for 15. 9. 75 (average for the day) 
Table.6.2b ·"Effective" Analysis of Constituents 
Material Effective 
wei P'ht Zn Pb Fe s M gO A12o3 Si0 2 Ca.O 
B. H. Zinc 0.82 64. 26 1. 21 9.81 39.26 0.036 0.34 1.7 o. 29 
B. H. Lead 0. 67 5.2 75.2 2. 97 23. 1 0.03 0.28 1.5 o. 19 
Blue powder 0.88 29. 65 25. 00 4.11 - -
-
- 5.00 
Waelz oxide 0.96 43.8 8.3 4. 74 3.6 3.5 2.4 7. 9. 8.3 
Limestone 0.58 -
-
0.8 
-
. 2·. 6 1. 03 8.4 85. 2· 
Sand 0.94 - - 1.6 - - 1.6 85.3 6. 9 
Sinter returns . 1. 00 44. 7 19. 6 10.0 0.7 0. 1 2. 3 3. 1 5.0 
Table 6.2c Actual Mix Used 
Material Dry weight (g) ·Wet weight (g) 
~.H. Zinc 2,718 2,895 
B, H. Lead 1, 088 1, 137 
~lue powder 54 56 
Waelz oxide 861 860 
Limestone 353 366 
Sand 165 163 
Sinter returns 16, 7 53 16, 583 
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The igniter box was lit, and pulled over the pallet, the ignition 
layer was ignited for 1. 25 min at a downdraught air velocity of 50 cfm 
(1. 41 m3min-l). After sliding the ignition box back, the remainder of 
the mix was applied to the ignition layer, by pouring the mix through a 
funnel onto the edges of the ignition layer whilst moving the funnel around 
the inner former. This was essential to avoid pouring the mix directly 
onto the centre of the ignition layer to avoid uneven sintering. The inner 
former was lifted ouf with a slight twisting motion, the mix levelled and 
the 'waste gas hood placed ·in position. 
Sintering was achieved with an updraught air flow of 35 ft3min-l 
(0. 99 m3min-1) for 120% of the time necessary to reach the peak waste 
gas temperature. Th.e bed temperature was monitored at the top and 
in the middle with Pt/ Pt 13% Rh sheathed thermocouples. Windbox 
pressure was recorded at 2 min intervals. - · The sinter was then rattle 
tested. 
Three sets of 16 sinters were made. The first was to homogenise 
the returns. In this case the water was held at a constant value, and there 
was no pelletization or bentonite addition. These returns were 
employed to make the second set of mixes, and the second burns returns 
used to make the third mixes. Both the second and third burns were 
monitored as above, and variations of moisture, bentonite and pelletiza.tion 
applied as in Table 6. la. 
- 197 .. 
6. 3 RESULTS 
The results are presented in Tables 6. 3a and 6. 3b. 
The primary interest in this work is the effect of the variables on 
the sinter strength, the rattle index normally being considered the prime 
indicator of sinter strength. 
As the initial plan was to achieve a duplicated factorial of 3 factors 
at 2 levels, a standard statistical technique may be adopted to assess the 
significance of the results. Presentation of the analyses of variance are 
given in Tables 6. 3c, d, e, f, for the first and second rattle indices of the 
second and third burns,- and sintering times in Tables 6. 3g, h. 
A deliberately poor mix was selected in the beginning to make any 
improvements more obvious. The rattle indices for the second burn lie 
between 58-71 (first rattle index}, and for the third burn 49-61 {with one 
at 68), thus showing there was an overall decrease in sinter strength, on 
burning a third time. 
As the sinter was soft (50-70. rattle index}, the mean of only three 
rattle tests were used to give the average rattle index; the selection of 
samples and grading is given in Technical Report D. 143. 
Peak bed temperatures were monitored at 2 levels in the bed. 
These peak temperatures are listed in Tables 6. 3a, b, with the associated 
times at which the peaks occurred. There were no obvious variations in 
top or middle peak bed temperatures with any of the variables. 
Temperatures for the second burn at the top were within the range 1235-
"13100C, and 1245-1305°C for the third burn; similarly the mid-bed 
temperatures for the second burn were between 1135-1290°C and 1170-
12800C for the third burn. 
Overall sinter times were between 12. 0 and 14. 4 min1 these were 
statistically analysed, as were the rattle indices, ·and the results tabulated 
in Tables 6.3g,h). 
Windbox pressure readings are tabulated for the start and finish of 
·the sinters. With high moisture content the back pressure tended to be 
lower than with a normal moisture cor.tent, similc..rly with pelletizaticn 
and non-pelletizat ion. 
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Table 6.3a Second Burn 
RATTLE IIIDEX MID-BED TEMPERATURE TOP-BED TEMPERATURE 
f.!! X 
.. 
·u 0 'i"imelnin. l 0 Ti,elcin l I c c 
Normal moisture 67.4 74.2 1260 6.0 1260 9.5 
No bentonite 67.7 72.9 1240 6.0 1255 9.5 
Ordinary mixing 
Normal coisture 58.4 67.6 1250 5.5 1250 9.0 
1% bentonite 62.4 71.5 1250 5.5 1265 9.0 
Ordinary mixing 
High moisture 61.7 65.5 11.35 6.0 12.35 8.5 
llo bentonite 61.9 65.7 1195 5.5 1265 8.5 
Ordinary mixing 
High moisture 58.2 59.0 12.35 6.0 12.35 10.0 
1!i\ bentonite 59.7 61.9 1220 6.o 12.30 10.0 
Ordinary ci xi ng 
Normal moisture 64.7 65 • .3 1205 5.0 1270 9.0 
No bentonite 70.5 78.0 1190 6.o 1260 10.0 
Pelletized 
Normal moisture 69.5 74.6 1290 5.5 1.300 9.5 
1% bentonite 66.2 69.7 1260 5.5 1280 9.5 
Pelleti:ed 
High moisture 71.2 75 • .3 1220 5.5 1260 10.5 
1/o bentonite 67.8 74.4 1265 6.o 1.310 10.5 
Pelletized 
High moisture 67.2 7.3.7 1200 5.5 1255 9.0 
1% bentonite 69.5 74.9 1255 5.5 1270 10.0 
Pelletized 
Normal moisture - 630 crn'3 water addition 
- 7 30 czn3 water addition High moisture 
Pelleti zation - 2. 5 min; mixed 4. 0 min 
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SIIITER I·THIDBOX PRESSURE Ili 
Time cm Or' WATER 
( min l Start Finish 
1.3.2 7.0 4.2 i 
1.3.2 8.0 4 • .3 
14.0 8.8 4.2 
14 • .3 8.0 4 • .3 
12.2 5.5 4.0 
1.3.0 6.0 4.0 I 
14.7 5.0 2.5 
12.0 4.8 . 2.5 
1.3.2 7.2 4.0 
14 • .3 7.0 4.J 
1).4' 6.9 .3.2 
1.3.1 5.2 .3.4 -
f4.2 5.0 .3.2 
14 • .3 6.2 .3.8 
1).2 4.9 .3.2 
12.8 6.7 .3.5 
. 
Table 6. 3b Third Burn 
RATTLF. INDEX MID-BED TEHPERATURE TOP-BED TF.MPERATURE 
MIX 
.o 
Time( min. l 0 I n c c 
llormal moisture 54.8 61.5 1245 5.0 1260 
llo bentonite 58.1 61.4 1280 . 5.0 1275 
Ordinary mixing 
Normal moisture 52.1 56.4 1275 5.0 1270 
1% bentonite 59.0 56.9 1260 5.0 1305 
Ordinary mixing 
High moisture 49.0 59.5 1220 5.0 1250 
No bentonite 53.7 60.7 1240 5.5 1300 
Ordinary mixing ·• 
High moisture 50.4 56.o 1170 5.0 1245 
1~ bentonite 50.9 57.3 1240 5.5 1260 
Ordinary mixing 
Normal moisture 59.1 66.3 1210 5.0 1260 
No bentonite 68.1 74.0 1275 5.0 1260 
Pelletizcd 
Normal ooisture 55.6 60.7 1225 5.0 1255 
1~ bentonite 59.3 67.7 1240 5.0 1230 
Pelletized 
High coisture 56.4 60.4 1225 5.5 1245 
No bentonite 61.5 66.7 1245 7.0 1280 
Pelletiaed 
High mo.is tu re 57.8 63.8 1220 5.5 1250 
1!t bentonite 56.7 71.2 1220 6.o 1305 
Pelletiled 
Normal moisture - 640 cm3 water addition 
High moisture 740 cm3 water addition 
Pelletization 2. 5 min; mixed 4. 0 min 
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Time(min ) 
9.0 
8.5 
1o.o 
6.5 
10.0 
9.5 
6.o 
9.5 
6.5 
8.5 
6.5 
9.5 
9.0 
10.0 
9.5 
9.0 
. SI!ITE~ HINDllOX PRESSURE Ill 
Time cm OF WATER 
lmin ) Start Finish 
12.8 8.o 4.4 
12.4 7.2 4.1 
13.8 7.9 3.6 
13.4 8.3 4.0 
14.4 6.9 3.6 
13.0 7.8 4.1 
12.6 7.2 4.0 
13.0 7.2 3.0 
12.2 5.6 3.4 
13.8 8.o 4.1 
·-
13.4 7.0 3.6 
13.4 6.2 3.0 
12.6 6.6 3.7 
13.6 5.5 4.0 
12.7 6•5 3.7 
14.4 4.6 3.7 
( 
Table 6.3c(i) Second Burn: First Rattle Test 
Rattle Indices 
Normal Moisture High moisture 
No bentonite 67.4 61.7 67. 7 61. 9 Ordinary 58.4 58.2 ~i.xing 1% bentonite 62.4 59.7 
No bentonite 64.7 71. 2 70.5 67. 8 
~elletization 69.5 67. 2 1% bentonite 66.2 69.5 
Table 6.3c(ii) Analysis of Variants 
Source of variance Sum of (JJ Mean F 
squares squares 
Pelletiz.ation A 151.29 1 151. 29 35.59 
Bentonite B 29.70 1 29.7 6.98 
Moisture c 5.76 1 5. 76 -
A x B interaction 2. 1 1 2. 1 -
B x C interaction 23.04 1 23.04 5.42 
C x A interaction 20.705 1 20.705 4.87 
A x B x C interaction 8. 12 1 8. 12 -
Residual 39.88 8 4. 98 -
TOTAL 280.6 15 
QJ Degrees of freedom 
F Variance ratio· 
p Significance level 
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-
p 
<o. 1% 
<5% 
<5% 
5% 
Table 6.3d(i) Second Burn: Second Rattle Test 
Rattle Indices 
Normal moisture 
No bentonite 74.2 72.9 Ordinary 
67. 6 !mixing 1% bentonite 
71. 5 
No bentonite 68.3 
IPelletization 78.0 
74.6 ~% bentonite 
69.7 
Table 6. 3d(ii) Analysis of Variants 
Source of variance Sum of (/J Mean 
squares squares 
Pelletization A 141. 6 1 141. 6 
Bentonite B 21. 2 1 21. 2 
Moisture c 34.2 1 
" 
34.2 
A x B interaction 20. 7 1 20. 7 
B x C interaction 1.2 1 1.2 
C x A interaction 125. 5 1 125.5 
A x B x C interaction 0.0 1 0.0 
Residual 106. 5 8 13. 31 
TOTAL 450. 8 15 
(/J Degrees of freedom 
F Variance ratio 
p Significance level 
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High moisture 
65.5 
65. 7 
59."0 
61. 9 
75.3 
74.4 
73.7 
74.9 
F p 
29.5 < 0.1% 
4.41 > 5% 
7. 12 < 5o/o 
4. 31 >-5% 
-
26. 14 < 0. 1% 
-
Table 6.3e(i) Third Burn: First Rattle Test 
Rattle Indices 
Normal moisture 
54.8 
Ordinary No bentonite 58. 1 52. 1 
mixing 1 'fo bentonite 59.0 
No bentonite 59. 1 68. 1 Pelletization 55.8 1% bentonite 59.3 
Table 6. 3e(ii) Analysis of Variants 
s·ource of variance Sum of 
squares 
Pelletization A 148.23 
Bentonite B 17.43 
Moisture c 48.65 
A x B interaction 6. 7 
B x C interaction 7.8 
C x A interaction 9.2 
A x B x C interaction 6. 6 
Residual 100.4 
TOTAL 344.88 
(/> Degrees of freedom 
F Variance ratio 
p Significance level 
(/J Mean Squares 
1 148.23 
1 17.43 
1 48.65 
1 6. 7 
1 7.8 
1 9.2 
1 6.6 
8 12.5 
15 
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High moisture 
49.0 
53.7 
50.4 
50.9 
56. 4 
61. 5 
57.8 
58.7 
F p 
17. 31 0. 1% 
2.04 
-
5. 67 <5% 
-
-
-
-
Table 6.3f(i) 
prdinary 
!mixing 
Pelletizalion 
Table 6. 3f(ii) 
Third Burn: Second Rattle Test 
Rattle Indices 
Normal moisture 
No bentonite 61. 5 61. 4 
1% bentonite 56.4 58.9 
No bentonite 66.3 74.0 
60.7 1% bentonite 67.7 
Analvsis of Variants 
·sum of Mean· 
High moisture 
59.5 
60.7 
58.0 
57.3 
60.4 
68. 7 
63.8 
71. 2 
Source of variance 
squares QJ S_quares F p 
Pelletization A 
Bentonite B 
Moisture c 
~ x B interaction 
B x C interaction 
C x A interaction 
~ x B x C interaction 
Residual 
TOTAL 
(/J Degrees of freedom 
F Variance ratio 
p Significance level 
218.3 
21. 39 
3.33 
2. 64 
26. 30 
0.3 
14. 2 
120. 10 
406.47 
1 218.3 30.79 <O.lo/o 
1 21. 39 3. 01 >So/o 
1 3.33 
-
1 2.64 -
1 26.30 3. 7 :> 5% 
1 o. 3 
-
1 14.2 
-
8 15.0 
15 
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Table 6. 3g(i) Second Burn - Sinter Times 
Low moisture High moisture 
No bentonite 13. 2 m in 12. 2 m in Ordinary 13.2 13. 0 
mixing 1% bentonite 14.0 14.7 14.3 12.0 
No bentonite 13.2 14.2 
~elletization- 14. 3 14.3 13.4 13.2 1% bentonite 13. 1 12.8 
Table 6. 3g(ii) Analysis of Variants 
Source of variance Sum of fP Mean F squares Squares p 
IPelletization A 0.22 1 0.22 -
Bentonite B o.oo 1 0.00 -
Moisture c 0.33 1 0.33 -
A x B interaction 2.98 1 2. 98 12.52 k 1% 
B x C interaction 0.23 1 0.23 -
C x A interaction 0.69 1 0.69 2.9 "7 5% 
A x B x C interaction 0.06 1 0.06 -
Residual 4. 75 8 0.59 
TOTAL 9.26 15 
(/! Degrees of freedom 
F Variance ratio 
p Significance level 
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Table 6. 3h(i) Third Burn - Sinter Times 
Low moisture High moisture : 
12.8min 14. 4 min 
Ordinary No bentonite 12.4 13.0 13. 8 12. 6 
mixing 1 o/o bentonite 13.4 13.0 
No bentonite 12. 2 12. 8 13.8 13.8 Pelletization 13. 4 12.7 1 o/o bentonite 13.4 14.4 
Table 6. 3h(ii) Analysis of Variants 
Source of variance Sum of qJ Mean F 
squares squares p 
IPelletization A 0.09 1 o. 09 -
~entonite ~ 0.03 1 0.03 -
Moisture. c 0.09 1 0.09 -
lA x B interaction 1. 16 1 1. 16 7.83 <5o/o 
~ x C interaction 0.00 1 0.00 -
C x A interaction o. 12 1 0.12 
-lA x B x C interaction 0. 68 1 0. 68 4.6 5o/o 
!Residual 4.50 8 0.56 
!TOTAL 6. 67 15 
Q Degrees of freedom 
· ·F Variance ratio 
p Significance level 
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6. 4 DISCUSSION 
The initial plan was to prepare a poor sintering mix which 
contained lSo/o new zinc in the form of Waelz oxide. It was hoped that 
this mix would produce a sinter which gave a rattle index of 70-80. As 
can be seen from the results the sinter strength was poorer than 
anticipated, giving an average rattle index of 55-65. Since these results 
were unexpectedly low, the whole apparatus and method were checked. 
Then a well-catalogued sinter mix was burnt, and- the resultant rattle 
indices were within 3-4 points of the original results, thus confirming 
that there was no fault with the apparatus or· method. The complete 
set of experiments were then repeated, and a similar set of results 
obtained, these were tabulated, analysed ancl presented in Tables 6. 3a-
6. 3h. 
From the statistical results of Tables 6. 3c, d, e, f, bentonite does 
not apparently effect the sinter strength significantly (above the 5o/o 
significance level). Taking a mean value of rattle indices when bentonite 
was present, and when bentonite was not present, the· result shows there 
-was an overall decrease in sinter strength of 2-3 points on the first rattle 
index. 
Analysis of the sintering· time shows there was no single 
significant factor (Tables 6. 3g, h) affecting- the sintering time, but a 
combination effe.ct of pelletization and bentonite addition does not have a 
small reducing effect on sinter time. 
Similarly the effect of moisture on the sinter strength is of little 
significance in the statistical analysis, although the amount of water 
present does affect the permeability of _the sinter bed initially. This is 
illustrated by the windbox back pressure values for the second burn 
(Table 6. 3a), where an average pressur~ reduction of 2 cm of water is 
achieved by adding extra water. 
The statistical results for the second and third burns, in each 
case, show the effect of pelletization on the sinter strength, being better 
than 0. 1 o/o in significance. The mean increase in rattle index due to 
pelletization is 4-8 points. The pelletization of a mix depends upon the 
moisture content of mix; in general terms the more moisture present 
the better the pelletization. Taking Table 6. 3c for example~ with 
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ordinary mixing and a low moisture content the associated rattle indices 
are greater than when the mix had a high moisture content. After the 
setsof experiments are repeated with pelletization, there is a greater 
increase in rattle. index of the higher moisture mixes than with the low 
moisture mixes, showing that better pelletization occurs with a high 
. moisture content. These trends are confirmed in Tables 6. 3d, e, f . 
Similarly there is an increase in the permeability of the sinter 
bed due to pelletization, this being illustrated by the mean values .of 
back pressure for pelletization and ordinary mixing. In the second burn 
during ordinary mixing the average initial back pressure was 6; 6 cm 
of water; with pelletization it reduced to 6. 1. Similarly with the third 
burn the reduction in back pressure was from 7. 5 to 6. 3 cm of water. 
·Before burning the mix, the aim is to achieve a coating of new 
materials on the old sinter returns, this being achieved by mixing the 
constituents for 4 minutes with the correct amount of water. When the 
mix is burnt, the new material binds the whole aggregate together to 
produce a strong sinter. The effect of pelletization is to roll the sinter 
returns over and over, thus coating them with more and more new material. 
The combination of moisture and pelletization to produce a good 
sinter strength is confirmed in the analysis of variants of Table 6. 3d(ii), 
where the significance level of the CxA interaction (moisture x 
pelletization), is less than 0. lo/o. 
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6. 5 CONCLUSIONS 
1. Pelletization has the effect of increasing the sinter strength 
by 4-8 points overall, and increasing the bed permeability 
by approximately 2 cm water pressure. 
2. The adverse_ effect on the sinter strength of having a high 
moisture content with ordinary mixing, -is outweighed by 
the effect on pelletization, which is better achieved using 
a high moisture content, and the overall effect of increasing 
the sinter strength by 4-8 points. 
3. - _Additions of bentonite at the 1% level make little difference 
to the bed permeability or sinter strength. 
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CHJI..:PTER 7 
CONCLUDING SUMMARY 
7. 1 Precipitation and Ageing of Lead Sulphide 
For basic oxidation studies, lead sulphide samples of widely 
different specific surfaces were prepared. They were precipitated 
from solution at various pH levels in the presence of different 
concentrations of electrolyte, at two temperatures. 
The properties of precipitated lead sulphides are a function of 
the conditions of precipitation. The crystallinity ·was best and 
crystallite size greatest when the reagents were lead nitrate and 
hydrogen sulphide, i. e. strongly acid solution because of the formation 
ofnitric acid, giving crystallites of 190-425 nm at 20°C and 350-540 nm 
0 
at 85 C. In less acidic conditions there was a greater proportion of 
smaller crystallites {70-265 nm) as found with lead acetate and hydrogen 
sulphide at both temperatures. In alkaline conditions with lead nitrate 
0 
and sodium sulphide the crystallites were small 60-110 nm at 20 C and 
poorly crystalline, similarly lead acetate and sodium sulphide formed 
crystallites of 90-260 nm at 20°C. Overall, the lower pH values 
favour both crystal growth and crystallinity. 
Higher temperatures and longer times of ageing further 
encourage crystal grovlth as illustrated by sample J where the average 
particle size increases from 80. to 265 nm on ageing for 80 h at 85 °C. 
In general, higher salt concentrations also lead to increased 
crystallinity and particle size. 
The fo!'mation of lead sulphate as an impurity in lead sulphide 
precipitates appears to be derived in two ways. At the low pH levels, 
in the presence of nitric acid and the highest electrolyte concentration 
at 85°C 1 the lead sulphate is obtained as well-crystalline material, as 
observed by electron microscopy. On the other hand, the lead 
sulphate obtained in alkaline precipitation conditions is derived from 
the decomposition of the basic salts. This lead sulphate does not 
appear as well- crystalline material, and was only identified by X- ray 
diffraction. 
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7.2 
one, 
Oxidation of Lead Sulphide 
The oxidation of lead sulphide proceeds in two stages; stage 
low temperature oxidation (up to ~ 600°C) where the oxidation 
mechanism is dependent upon the chemisorption of oxygen with an 
-1 0 
associated activation energy of 48-50 k J mol Above ..v 600 C, stage 
two, the oxidation mechanism changes to diffusion of oxygen inward and 
diffusion of the product gases outward through the sintered product layer 
with an associated 4-fold reduction in activation energy. 
From the studies on the selected precipitated lead sulphide 
samples, the products of oxidation were governed by temperature. At 
the lower temperatures lead sulphate is produced initially; as the 
temperature rises, the basic lead sulphates are obtained by direct 
oxidation of lead sulphide and by interaction of the oxidation products 
lead oxide and lead sulphate. The isothermal thermogravimetric 
curves show the oxidation reaction is over in -10 min (depending on 
temperature) even though the resultant X- ray analysis shows oxidation 
is incomplete. This is because of the low sintering te:nperatures of 
lead oxide and sulphate, thus preventing the ingress of oxygen and 
release of sulphur dioxide. The sintering of the products modifies 
the reaction kinetics from parabolic or t order. The sintering 
phenomena are demonstrated by optical and scanning electrm~ 
microscopy, where large particle size increases are observed above 
~ 550°C. 
As the oxidation temperature rises the products tend to become 
more basic. The thermogravimetric isothermal curves in some cases 
show the formation of lead between 850 and 900°C, ·with its immediate 
oxidation to lead oxide. Samples of poorly crystalline material begin 
to oxidize at lower temperatures (ea 200°C) than the larger well-
crystalline samples; also the quantity of lead sulphate in the original 
sample considerably reduces the overall amount of oxidation. 
Simultaneous DT A/ TG studies carried out in platinum crucibles 
show an overall increase in formation of sulphate, with up to 25% weight 
gain in some cases (a maximum weight increase of 26. 75% is possible 
for complete conversion of sulphide to sulphate)with the highest basic 
salt produced in any of the samples being monobasic lead sulphate at 
900°C. 
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This is due to the catalytic effect" of platinum on the 250 2 + 0 2----'+ 2503 
reaction, thus promoting sulphate formation. 
The characteristic temperatures of oxidations varied with the 
crystallinity and crystallite sizes of the samples used, i. e. the smaller 
poorly crystalline samples oxidized at lower temperatures than the 
larger well-crystalline samples. In general, the initial oxidation 
temperature is reduced when using pure oxygen rather than air. 
The stability of lead sulphate was studied under roast gas 
atmosphere composition and from the results it is concluded that 
progressively larger amounts of sulphur dioxide and smaller amounts 
6f oxygen increasingly stabilize the lead sulphate. These findings agree 
with the predictions of the phase diagrams in Figures 11, 13, 15 and 17 
regarding the stability of lead sulphate at elevated temperatures. 
7. 3 Comparison of the Oxidation of Lead and Related Sulphides 
By analogy with alkaline earth metal sulphides, the possi~ility 
was considered that lead sulphide would oxidized initially to leadc· 
sulphite, especially in conditions with limited amounts of oxygen 
present. 
Thermoanalytical and X- ray techniques indicated that the 
stability of divalent metal sulphites is in the order:-
The sulphides of the alkaline earth metals are less stable to oxidation 
to sulphates and thus form appreciable amounts of intermediate 
sulphites during _the complete conversion to sulphate. In contrast, the 
zinc and lead sulphides are more stable to oxidation compared with 
their sulphites and hence no appreciable amounts are present during 
the overall oxidations to sulphates, basic sulphates or oxides. 
Crystallographic changes during the oxidation of lead sulphide are also 
discussed. 
7. 4 Investigation into the Effects of Pelletization, Bentonite and 
moisture on a Poor Sintering Mix 
Pelletization had the overall effect of increasing the sinter 
strength by 4-8 points and increasing the bed permeability by 
approximately 2 cm water pressure. The adverse effect on sinter 
strength by having a high moisture content with ordinary mixing was 
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outweighed by the effect on pelletization, which is better achieved using 
a high moisture level. Additions of bentonite at the 1% level make 
little difference to the bed permeability or sinter strength. 
7. 5 Other Developments 
The acquisition of new information regardin·g the oxidation of 
lead sulphides at intermediate temperatures (400-1000°C) is also of 
·value in .relation· to the preliminary treatment of the ores in connection 
with the newer electrolytic refining process. 
Further useful background development work is required on 
industrial aspects of sulphide roasting and sintering including:-
1. Laboratory and pilot plant studies of possible new 
roasting techniques such as high temperature 
desulphurization of pelletized material. 
z. Laboratory studies of thermodynamic and reactivity of 
sulphide-sulphate systems involved in the roasting 
processes. 
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APPENDIX I 
A computer programme written in Fortran IV for use with 
the !CL 1905 for the calculation of particle size distribution from 
the data obtained from the Coulter Counter Model Industrial D. 
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APPENDIX II 
A computer programme written in Fortran IV for use with 
the IBM 1300 to repres ent the particle size distribution (see Appen dix I) 
in graphical form. 
GRAPH PLCT OF PARTICLE SIZE DISrR1Eu~I ON. 
DIMENSION CUM(30) • G(~Ol 
~ RAISED PENt PLOTTED POSITION O.o~o.o 
CALL FPLOT(l~0.0,-11.0) 
C DETERMINATION OF SCALE 
CALL SCAL~(O.l0~0.25tO.o~o.o) 
C MAKE UP GRID IN X PfRECTION CALL FGRID(O·O.o,o.o,s.o~zo) 
C MAKE UP GRID IN Y DIRECTION 
CALL F6RID(l,o.o,o.o,2.0t20) CALL FPLOT(z,o.o,o.o) . 
X=5 .o 
Y'=O.O 
DO 20 I~t,~O . CALL FCHAR x,o.5,0.ltO.l•O) 
WRITEl7t3) . 
3 FORMAT(F4-.0) 
X=X+-5.0 
2.0 CONTtNUE 
DO 30 J=lt2l 
CALL FCHAR(-5.o,y,o.t,O.lt0) 
WR1TE(7.4)Y 4 FORMAT(F4-.1.} 
Y=-Y+-2.0 
30 CONTINUE 
CALL FCHAR(3o.o,1.o,o.t,o.1,o) 
WR 1 TE' ( 7~5) 
5 F'ORMAT V· .. WEIGHT PERCfNi') 
CALL FCHAR(-8.o,g.o,o.1,0.1tl.S7) WR1TE(7,t,) 
6 FORMATt' PARTICLE' Sl'Z.E IN MICRONS') 
RfA0(2,100)NRES 
100 FO~MAT(l2) . 
CALL fPLOT(- 2~0.0•0.0) 
DO 10 !"'1tNRE'S 
READ(2,101)CUM(I),G(l) 
101 FORMAT(FS.O,f5.2) 
C PLOT POINTS 
CALL FPLOT(OtCUM(I)•S(IJ) 
1() CONTINUE 
CALL FC~AR(20.0~35.o,o.z,o.z,o.o) 
WR r rr;; < 7 ·1 > 1 FORMAT (' PARTCCLE SI~£ DISTR18UTIO~') 
CALL EXIT 
END · 
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APPENDIX Ill 
CALCULATION OF SINTER MIXES 
The calculation of sinter mixes to give a target analysis 1s 
achieved by using the "effective analyses" of the individual constituents. 
The target analysis for the research carried out to study the effect of 
bentonite, moisture and pelletization on a poor sintering mix was 45% 
zinc, with 15% of the new zinc coming from Waelz oxide, 20% lead, 
7. 5% iron and 5% sulphur as fuel. The "effective analyses" of the 
components is given in Table 6. 2b. 
To balance the zinc, lead and iron a set of simultaneous 
equations were derived:-
Let Broken Hill Zinc ·ore = xl 
Broken Hill Lead ore = x2 
Blue Powder = x3 
Waelz oxide = x4 
The zinc balance:-
0. 6426xl + 0. 052x2 + 0. 2965x3 + 0. 438x4 = 0. 45 (1) 
The lead balance:-
0. 012lx 1 + 0. 752x2 + 0. 25x3 + 0. 083x4 
The iron balance:-
= 0. 20 (2) 
0. 098lx1 + 0. 0297x2 + 0. 04llx3 + 0. 0474x4 = 0. 075 (3) 
Since 15% of zinc is to come from Waelz oxide 
0. 15(0. 6426x1 + 0. 052x2 + 0. 2965x3 + 0. 438x4)=0. 438x4 
thus x 4 = 0. 2586x 1 + 0. 77lx2 + 0. 120x3 (4) 
By substitution for x4 in equations (1), (2) and (3) we get the 
three following equations:-
0. 7558x1 + 0. 086x2 + 0. 349x3 = 0. 45 
0. 0335x1 + 0. 57x2 + 0. 26x3 = 0. 20 
0. 1104x1 + 0. 056x2 + 0. 0468x3 = 0. 075 
Solving the simultaneous equations yields:-
x 1 = 0 . .4865; x 2 = 0. 2353; x 3 = o. 2529 
By back substitution of xl' x 2 and x 3 in equation (4) x 4 = 0. 1743 
- iii -
Checking shows that with these ratios of x1, x 2 , x 3 and x 4 the 
. overall analysis is Zn = 44. 3o/o, Pb = 18. 8o/o, Fe = 6. 8o/o, S = 23. 1 o/o. 
Since the sulphur requirement is So/a, sinter returns (which has a 
similar analysis to that .of the target analysis, see Table 6. 2b) must 
make up a substantial part of the final.mix. 
Thus, to give So/a sulphur, the final mix must contain 78. 3o/o 
sinter returns and 21. 7o/o fresh material. This modifies the overall 
analysis to Zn = 44. 6o/o, Pb = 19. 4%, Fe = 7. 8o/o, S = So/a. 
The gangue content was then calculated and additional sand and 
limestone added to give the target analysis of 3. So/a silica and So/a lime. 
After allowing for the moisture content of the materials, the 
final weights of each component were calculated (given in Table 6. 2c) 
to give a total mix weight of 22 kg. 
- iv -
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APPENDIX IV 
. Extended abstract of paper being presented at the 1st European 
Symposium on The!mal Analysis, Saliord,_ September 197 6 
TG AND DTA STUDIES OF THE OXIDATl.ON OF 
LEAD SULPHIDE 
By S.A.A. Jayaweera and P. Sleeman 
John Graymore Chemistry Laboratories, 
Plymouth Polytechnic, Plymouth PL4 8AA, 
England. 
Th·e oxidation of lead sulphide has been investigated using TG .. and 
DTA in conjunction with X-ray, microscopic and general analytical 
techniques. · 
Results indicate that the oxidation of lead sulphide proceeds via 
lead sulphate and basic lead sulphates before lead oxide is finally obtained. 
For basic studies·, precipitated lead sulphides have been oxidized in static 
air, air flowing and oxygen atmospheres on a massflow balance at various 
temperatures. 
Th~ 1 lead sulphide samples were widely different in surface area (2-10m2g ) and crystallinity, (average crystallite size 40D-80nm). 
Nevertheless they behaved similarly in that they all ~1ere converted to 
lead sulphate'at lower temperatures (200°C in some cases) and to the 
basic sulphates at.higher temperatures (40Q-600°C to PbS04.PbO, 800-900°C to Pbso4. 2Pb0, 900-950°C to Pbso4.4Pb0) varying with sample, before · being completely desulphurized to lead oxide. 
Pure lead sulphat'e is perfectly stab le at tel:ljleratures up to 900°C, 
but above 400°C will react with lead oxide. 
The thermal stability and exidizability of lead sulphite at similar 
temperatures suggest that it might be a coiimlon intermediate in the earlier 
stage: of oxidation. (4PbS03 ~ PbS + 3PbS04), cf, alkaline earth metal 
sulph1tes. Thus, lead sulph1te tends to decompose more readily in~ 
and disproportionate in nitrogen. 
Figures 1 and 2 show typical thermogravimetric curves from 400 to 
950°C for the lh. isothermal o~idations of lead sulphide·, sample .J80 
with a surface area of 3.0m2g and an average crystallite size of 265nm. 
In the slow oxidation at 400°C, the only phases identified by X-ray 
diffraction are PbS04 and the initial PbS, the 4.3% weight gain after lh 
corresponds to a conversion of 16.1% PbS to PbS04• The lead sulphate formation reaches a maximum at S00°C with an overall weight gain of 
- V-
15%; analysis shows the presence of the basic sulphate PbSO .PbO, as 
well as PbS04 and a small amount of PbS remaining . From 55~ to 750°C the overall weight gain after lh decreases from 13.6% to 4.2%; accordingly 
the X-ray anal6sis sho'\oTS the formation of PbS04 .PbO at the expense of PbS04 • At 800 C there is an inflextion in the curve at 10 min., ascr~bed to the formation of lead oxide, and later a further gain due to 
the reaction of PbO and so2 giving PbS04. At 850°C there is a small (1%) '1-Teight gain at 6 min representing sulphation, preceeding a maximum 
weight loss of 2% (12min) due to PbO formation and then a further slow 
weight gain, as it reacts with any so2 produced. At 900 and 950°C there is no initial weight gain, but greater weight losses of 5.8% 
(7min) and 8.8% (5min) respectively. After the weight loss maxima there 
are small weight gains and then a steady '1-Teight loss due to vapourization 
of PbO up to lh; X-ray analysis shows the presence of PbS04 .4PbO and PbO. 
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